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Abstract 
The present thesis is devoted to the study of the ligand additivity effects in the 
six-coordinate complexes of ruthenium and osmium. The systems under study include 
complexes of the following types: [MX5L]2-, [MX4LL']2- (M = Ru and Os; X = Cl 
and Br; L and L' = NO+, CO, etc.) and [M(acac)2LL'] (M = Ru and Os; acac = 
2,4-pentanedionate; Land L' = Cl, CH3CN, PR3, etc.). Special emphasis is put on the 
electrochemical and optical spectro-electrochemical characterisation of these complexes 
and on the relationships between the redox potentials and the energies of charge-transfer 
transitions. 
Chapter 1 briefly outlines the historical perspective of additivity in chemistry, 
introduces the topic of the present work, and delineates the scope of this thesis. 
Chapter 2 reviews literature methods of preparation of the mixed halide nitrosyl 
complexes of ruthenium and osmium, and describes the synthesis and characterisation of 
the compounds prepared in this work. The structure and metal-binding modes of the 
nitrosyl moiety are discussed, and the crystallographic and spectroscopic (IR and EPR) 
evidence is presented for linear mode of coordination of the nitrosyl (NO+) ligand in the 
complexes considered here. 
Chapter 3 describes the electrochemical and spectro-electrochemical (UV -VIS-
NIR) characterisation of the mixed halide nitrosyl complexes of ruthenium and osmium, 
and comparison with their analogues of stoichiometry [MX5L] and [MX4LL']. Non-
linear ligand effects on E0 in species such as [OsBr4(CH3CN)(N0)]1- are discussed. 
Linear relationships between the ligand-to-metal charge-transfer band energies and E0 in 
a wide range from -1.5 to + 1.5 V ( versus Ag/ AgCl) are established for the arrays of the 
chloride and bromide complexes. The frontier electron orbitals are mapped versus 
OslIUII couple for a progression of mixed osmium bromide complexes. The apparent 
ill 
instability of hypothetical [RulIIBr5(N0)]1- is considered within the framework of the 
collected spectro-electrochemical data. 
Chapter 4 is devoted to the investigation of the electrochemical and spectral 
properties of the bis-acetylacetonato complexes of ruthenium and osmium 
([M(acac)2L2]]) in the light of ligand additivity concepts. The dependence of E0 (Mill/II 
and MIV/III) on the ligand (L, L') donor/ acceptor properties and the ligand arrangement 
(cis or trans) is contemplated. Plotting of the E0 values versus the sums of Lever's 
electrochemical parameters c~::EL) reveals different polarisabilities of the cis and trans 
{Ru(acach} binding sites. Linear relationships between the optical charge-transfer band 
energies and E0 , similar to those found for the halide complexes in Chapter 3, are 
confirmed for series of cis and trans complexes. A linear additive relationship between 
stoichiometry and electronic properties is established for the set of 
trans-[Ru(acac)2(CH3CN)n(Cl)2-nlz (n = 0, 1, 2) complexes. In conclusion the 
properties of the analogous [MIIIIII(acac)3]0ll- and [MIIIIII(acac)iC12]1-/2- (M = Ru or 
Os) are juxtaposed. 
Appendix 1 explores the electrochemistry of cis- and trans- [OsBr4(L)i]Z- (L = 
CH3CN and CO) complexes. 
Appendix 2 presents the X-ray crystal structures determined in the course of 
this work. 
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Chapter 1 
Introduction 
For centuries humankind has sought to gain understanding and thus control of 
the physical and chemical phenomena in the surrounding world. However, the 
accumulated lore of nature matures into a rigorous scientific discipline only when the 
strict language of mathematics becomes applicable. A quantitative approach enables a 
scientist to specify the properties of a given system under study. The behaviour of 
these systems may then be encompassed by scientific laws. One of the early chemical 
laws was the law of conservation of weight, first formulated in 17 48 by Mikhail 
Vasil'evich Lomonosov and later (in 1789) generalised by Antoine Laurent 
Lavoisier.la With the discovery of the periodic law by Dimitri Ivanovich Mendeleev.in 
1869, it became possible to predict various properties of the chemical elements. 
Mendeleev wrote: "If in a given group there are elements R1, R2, R3, and in the row 
containing one of them, say R2, the element Q precedes it and the element T follows it; 
then the properties of R2 are derived from the properties of R1, R3, Q and T. Thus, 
for example, the atomic weight of R2 = 1/4 (R1+R3+Q+ T). For example, selenium 
is situated in group VI between sulfur (S = 32) and tellurium (Te = 127), and in the 
5th row arsenic (As= 75) precedes it and bromine (Br= 80) follows it. From the 
aforesaid, the atomic weight of selenium= 1/4 (32+127+75+80) = 78.5 - a number 
close to reality."* By exploiting this cross-additivity Mendeleev predicted the 
properties of a number of previously unknown elements. This provides a pioneering 
example of an application of the additivity principle in chemistry. 
* Quoted from ref. lb. Translated from Russian by D. Menglet 
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The additivity principle has a long history in coordination chemistry. In 1894 
Werner and Miolati described a linear correlation between the composition of certain 
platinum and cobalt inorganic compounds and their molar electroconductivity 
(Figure 1.1).2 The classical Werner - Miolati electroconductivity progressions not 
only supported the coordination theory devised by Werner, but gave one of the first 
examples of a simple link existing between ligand composition of the coordination 
sphere and the macroscopic properties of metal complexes. 
Conductivity (Q-1 cm2 mol- 1) 
200 
100 
Q-t-------,-------e-------------1 
-2 -1 0 1 2 
Charge of the complex ion (z) 
K2 [PtCl4] [Pt(NB3)2Cl2] [Pt(NB3)4] Cl2 
K [Pt(NB3)Cl3] [Pt(NB3)3Cl] CI 
Figure 1.1 Diagram showing orderly change of molar electroconductivity in a series 
of [Pt(NH3)4_nClnJz (n = 0 - 4) complexes.2 
2 
The spectrochemical series also represents an array of ligands ranked according 
to their cumulative (addditive) effect on the frequency of the 'd-d' spectral bands of a 
specified central metal ion. 3 
One of the major objectives of contemporary coordination chemistry is to 
understand and systematise the changes that occur in various properties of coordinated 
transition metal ions when one ligand is substituted by another. A ligand effect has 
been conventionally defined as " ... the changes that occur in the kinetics and 
thermodynamics of reactions when the electronic and steric properties of ligands or 
incipient ligands are altered. "4 In 1988, Bursten and Green rephrased the above 
definition: " ... ligand effects are the changes that occur in bonding, electron 
distribution, and electronic energies in transition metal complexes when the electronic 
properties of ligands are altered. "5 A variety of different experimental methods exist 
that can be used as probes into bonding, electron distribution and electronic energies. 
Every chemist would probably be able to name a few of such techniques: X-ray 
crystallography, IR-spectroscopy, electrochemistry, NMR-spectroscopy, etc. In 
addition, computed electronic properties of an orderly series of complexes would be 
expected to reflect differential ligand effects. A range of conceptual approaches to the 
additivity of ligand effects (or ligand additivity), as probed by vibrational 
spectroscopy, electrochemistry* or photo-electron spectroscopy, have been reviewed in 
detail by Bursten and Green.5 Let us examine a few instructive examples. 
Since the carbonyl ligand stretch produces strong IR-absorptions, which are 
usually free from coupling with other vibrational modes in the molecule and, at the 
same time, are not obscured by other vibrations, 6 the CO ligand has proved to be a 
good probe of the effects of co-ligands in mixed carbonyl transition metal complexes. 
The CO stretching frequency in the mixed complexes provided a probe of the 
tr-acceptor strength of the co-ligands. For instance, in 1970, Tolman used IR-spectra 
of the Ni(C0)3(PR3) complexes to scale and classify the donor/ acceptor properties of 
a large number of phosphine ligands.7 It is known that the CO stretching frequencies 
are higher in homoleptic M(C0)6 complexes than in mixed-ligand complexes of the 
* The models of electrochemical ligand additivity relevant to this work will be re-examined in greater 
detail in Chapters 3 and 4. 
3 
form [M(C0)6_0 L0 ] where L is a weaker n-acceptor than CO, and that v(CO) falls 
steadily with the increasing degree of CO-substitution, n. 8 This fall in v(CO) is said to 
reflect the strengthening of n-backbonding between the metal and CO ligand, as the 
competition for the metal dnelectrons eases. In the particular case where the incoming 
ligand Lis an isocyanide (RNC), then a complementary trend is found in v(NC): in 
the homoleptic isocyanide complexes v(NC) takes its lowest value, and it increases in a 
regular way with the number of co-existing CO ligands. Sarapu and Fenske discussed 
this effect for a series of manganese complexes [Mn(C0)6_0 (CH3NC)0 ]1+ (n = 0 to 
6).9 Even without a rigorous analysis of the force constants, it is possible to 
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number of isocyanide ligands n 
Figure 1.2 A plot of v(CO) and v(CN) versus n for the series of manganese 
complexes [Mn(C0)6-n(CH3NC)nJ1+ (n = 0 to 6). Data from ref 9. 
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see that both v(CO) and v(CN) stretching frequencies are linearly dependent on the 
degree of substitution, n (Figure 1.2). This is a representative example of a linear 
accumulation of ligand effects (i.e. linear ligand additivity). 
Around the same time, Bonder showed that 13C carbonyl chemical shifts are 
proportional to CO infrared stretching force constants for a series of [M(CO)sL] 
complexes (M = Mo, Cr; L is an amine, phosphine, arsine or stibine ligand). IO 
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Figure 1.3 A linear relationship between 195 Pt chemical shift and the sum of Taft 
parameters of Rand R/ in the [Ptll(R(CO)CH(CO)R/hl complexes. Data from ref 11. 
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A recent example of the use of NMR as a direct probe for the influence that the 
ligands exert on the central metal ion itself comes from our laboratory. For a series of 
substituted bis-acetylacetonato platinum(II) complexes of the form 
[Pt(R(CO)CH(CO)R')2] (where R, R' = tBu, Me, Ph, CF3, etc), a faithful linear 
relationship has been found between the 195pt chemical shift ( over a wide range of ca. 
500 ppm) and the sum of Taft parameters for Rand R' (Figure 1.3).11 
1.2 E0 V/IV (V) vs NHE 
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Figure 1.4 A plot of measured E° V/IV values versus EHoMo ( calculated by 
Fenske - Hall method15)Jor a series of niobium (IV) complexes. Data from ref 14. 
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In connection with probing ligand influence on electronic properties, the 
particular significance of the E0 values quantified by electrochemical experiments 
depends on an extension of Koopmans' theorem.s,12 This theorem relate the 
molecular Ionisation Energy and Electron Affinity (the work involved in removal or 
addition of an electron) to the underlying molecular HOMO and LUMO energy level 
respectively. By extension to solution-phase redox processes this theorem can be 
applied to metal complexes, so that comparative E0 measurements may be provisionally 
associated with trends in the frontier orbital energies. A vivid illustration of this, and 
one of the earliest demonstrations of an orderly correlation between first ioni ation 
energies and solution-phase reversible redox potentials, was provided by the 1986 
study of the photo-electron spectroscopy and voltammetric data for a family of 
[Ru(R(CO)CH(CO)R'h] complexes.13 
1.5 EO V/IV (V) vs NHE 
1.0 
Nb complexes 
0.5 
0.0 
Ta complexes 
-0.5 
ClS 
n=O n=l n=2 
Figure 1.5 A plot of measured E 0 V/IV values versus n for the series of 
[MCl6-n(CH3CN)nJz- complexes (M = Nb and Ta). Data from ref 14. 
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A number of investigations attempting to correlate theoretically computed 
HOMO energies with E0 measurements have been undertaken.5 For instance, Bursten 
et aZ.14 observed a linear relationship between E0 for the metal-based d0!d1 couple and 
the HOMO energies calculated by Fenske-Hall method15 for a series of niobium (IV) 
complexes (Figure 1.4). The latter correlation was supported by the obvious 
connection between E0 and composition for these particular complexes (Figure 1.5). 
Bursten concluded that : "The ligand additivity model would predict that each 
successive replacement has the same effect, regardless of how many ligands have 
already been substituted. This non-intuitive result is well supported by Fenske-Hall 
MO calculations on the substitution series. "5 
Below we shall provide an unsettling case where present computational 
methods fail to predict the strongly non-linear ligand electronic effects encountered in 
some mixed halide carbonyl complexes. So, from the viewpoint of a so-called "bench 
chemist", correlations of experimental data with calculated parameters may seem less 
convincing unless backed by a correlation of two or more experimentally determined 
properties, as in the previous example. 
Sweeping linear relationships between measured E0 (d5/d6) potentials and 
stoichiometry (n = 0 to 6, in both examples) have been observed in organometallic 
M(C0)6-n(CH3NC)n species (M = CrO, Mn1),16-18 and also in classical inorganic 
[RuX6-n(CH3CN)nF complexes (X = Cl or Br, z = n - 3 for RulII). 19 Thus, on some 
occasions, ligand effects clearly do accumulate arithmetically over a wide range of 
stoichiometry. 
In 1980, Chatt, Pickett and co-workers20 devised a table of electrochemical PL 
parameters for some twenty individual ligands, L, as exemplified in Table 1.1. These 
parameters are equated directly with the shift in the measured metal CrIIO (d5/d6) electrode 
potential for a family of Cr(CO)sL complexes compared to [Cr(C0)6], according to 
equation [ 1]: 
PL= E0 [CrIIO(CO)sL] - E0 [CrIIO(C0)6] [1] 
The real significance of the exercise is this ranking of ligands turn out to be transfe~able 
in an internally consistent way to the electrode potential shifts encountered for the same 
8 
series of ligands replacing one another on a different metal binding site. Thus one finds 
that, for a new family of complexes [MsL] (where Ms is an alternative conserved binding 
site), the electrode potentials are still linearly related to PL: 
E0 ([MsL]) =Es+ p PL [2] 
Here Es and p are regarded as measures of the the electron-richness and polarisability 
respectively of a particular binding site Ms. It is an important attribute of this model 
that each different metal binding site is accorded a distinctive polarisability, and that 
this parameter acts in concert with the ligand PL value to determine the resultant shift in 
E0 for the complex [MsL] as one ligand replaces another. More generally, it can be 
seen that a well-founded scheme which allows central ion redox potentials to be 
realistically estimated (especially where the complexes are unknown or the 
measurements impractical) will have wide use in areas such as new synthesis and may 
provide better understanding of the behaviour of active sites in bio-inorganic 
chemistry. In addition, a knowledge of the ligand effects on E 0 makes possible 
rational "tuning" of the central metal-based redox potential, to improve the catalytic 
properties of transition metal complexes. For example, the Rhlll/Rhl couple can be 
adjusted by modifying the ligand environment in order to improve the electro-catalytic 
efficiency of rhodium complexes in the hydride transfer process utilised for 
electrochemical regeneration of the reduced form of NAD cofactor (NADH).21,22 
In 1990 Lever proposed a table of more than two hundred individual 
electrochemical ligand parameters, EL, which could be used to systematise the redox 
couples for an almost limitless range of compounds. 23 According to this scheme, the 
E0 value for a given transition metal redox couple (e.g. Rulll/Rull) should be linearly 
proportional to the sum of the EL values of the coordinated ligands for any permutation 
of the 200 tabulated ligands: 
[3] 
9 
Table 1.1 Selected ligand PL parameters. 20 The ligands, L, are arranged in order 
of the displacement of the [Cr(CO)sLJl+IO couple from that of [Cr(C0)6]1+IO; see 
text. 
Ligand, L Ligand PL parameters, (V) 
NO+ +1.40 
co 0.00 
P(OPh)3 -0.18 
PPh3 -0.35 
CH3NC -0.43 
CH3CN -0.58 
CsHsN (Py) -0.59 
NH3 -0.77 
Br-
-1.17 
c1-
-1.19 
OH-
-1.55 
where SM and IM are constants for a given redox couple. Actually, SM necessarily 
converges on unity for the Rulli/II couple because the original ligand EL values were 
quantified largely by analysis of electrochemical data for numerous [Ru(bipy)2L2] 
complexes. For the characteristic couples of other transition metal ions, we emphasise 
that SM is expected to take a characteristic constant value, and, in particular, 1.01 is 
recommended as the universal value for Oslll/11 in non-aqueous media. 23 
10 
Lever's equation [3] has the same algebraic form as the one proposed by Chatt, 
Pickett and co-workers (equation [2]). However, in a certain sense, Lever's additivity 
model may seem to be a step backwards from the earlier one. By asserting that shift in 
observed electrode potentials can be predicted from the appropriate tabulated EL values 
via equation [3] for any combination or arrangement of ligands, one explicitly ignores 
the possibility of a different polarisability for the same metal ion in different binding 
sites. Thus, in its basic form, this model does not encompass differences in E0 
between geometric isomers, or the possible non-linear accumulation of the ligand 
effects in some series of the type [ML6_0 L' 0 ]. 
3 E0 (V) vs. Ag/AgCl 
Shortfall from 
0 IV /III couple the "expected" shift 
2 
• III/II couple 
1 Shortfall from 
the "expected" shift 
0 
-1 
-2 
trans 
n=O n=l n=2 
Figure 1.6 A plot of the IV/III and Ill/II couples versus n for the series of 
[OsBr6-n(CO)nJz- complexes. Data from ref 24. 
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However, soon after these developments,19, 23 Heath and Humphrey reported 
a strongly non-linear progression in the IV /III and 111/11 redox couples for a short 
series of mixed halide/ carbonyl complexes of the form [OsBr6-n(CO)nJZ- (n = 0, 1, 
trans-2), with the effect of the first halide replacement by CO being roughly three times 
greater than the second (Figure 1.6).24 Irregular progressions in both couples also 
were found for the related three-membered trans-[OsBr4(COh-n(RCN)nJ2- family. 
These experimental results are obviously inconsistent with Bursten's earlier 
prediction regarding the linear accumulation of the ligand effects, and with Lever's 
linear ligand additivity model as well(vide supra). It seemed that the non-additive 
effects are readily evident in substitutional series of complexes containing co-ligands 
with strongly contrasting electronic properties (e.g. n-donor halides in company with 
pronounced n-acceptor carbonyl ligands), but not when "like replaces like" as with the 
CO I RNC and halide/ RCN series. It should be mentioned that high-quality density 
functional MO calculations performed comparatively on [MX6], [MXs(CO)] and trans-
[MX4(C0)2] systems in our laboratory fail in a similar way, by predicting uniform 
changes in electron affiniry and related electronic properties. 25 Therefore, this is an 
interesting aspect of contemporary coordination chemistry where computational 
descriptions are currently inadequate, and where the value of new empiri~al 
information is paramount. 
In our laboratory, in order to understand and substantiate the experimental 
observations outlined above, we saw two important objectives: 
1) to describe independent examples of similarly non-linearly additive (i.e. 
non-additive) progressions in central-ion reduction potentials; 
2) to correlate the observed trends in E0 with another measurable property which 
is expected to reflect the metal-based HOMO energy. It is increasingly recognised, for 
example, that ligand-to-metal charge-transfer spectra (LMCT) of transition metal 
complexes* can provide such a measure.19, 26 
One of the main aims of the present work is to make a systematic study of the 
electronic properties of the mixed halide/nitrosyl complexes of ruthenium and osmium. 
* The relation between the energies of charge-transfer transitions and the electrochemical parameters will 
be discussed at length in Chapters 3 and 4. 
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The nitrosyl ligand (NO+) is a substantially stronger Jr-acceptor than CO. For 
example, its PL factor is + 1.40 V, which means that E0 for [CrIIO(C0)5(N0+)]2+/+ is 
more positive by 1.40 V (!) than E0 for [CrIIO(C0)6)]+/0 (Table 1.1).20 Hence, there is 
a real possibility of finding exaggerated non-linear ligand additivity effects in the halide 
nitrosyl complexes, which would be of considerable interest in themselves and perhaps 
shed further light on the previously uncovered carbonyl systems. The optical 
properties should also be strongly responsive to such effects, as noted above. In the 
case of the ruthenium nitrosyl complexes (at least), spectro-electrochemical stategies 
come into their own because of the spectroscopically informative oxidation state (RuIII, 
d5) is otherwise inaccessible. 
Chapter 2 describes the necessary synthetic and structural studies of the 
ruthenium and osmium halide nitrosy 1 compounds. For example, it was important to 
demonstrate that the nitrosyl complexes under study contain a linear M-No+ moiety, 
rather than bent M-No-, as their electronic properties differ significantly. As might be 
expected, some effort was required to develop reliable routes even to certain long-
known compounds, and other compounds of strategic importance were previously 
unknown. For voltammetric and spectro-electrochemical studies in non-aqueous 
solvents on anionic complexes, there is the additional need to isolate the material with a 
suitable counter-cation, such as [Bun4NJ+ or [BzPh3P]+, to ensure organosolubility. 
In the case of the nitrosyl complexes, we found this requires some finesse , perhaps 
because the increased !ability of any ligand coordinated trans to NO+. In any event, 
some progress has been made in extending and systematising this area of synthesis. 
Chapter 3 describes the electrochemical and spectro-electrochemical 
characterisation of these ruthenium and osmium nitrosyl complexes, and compares the 
collected electrochemical and spectral data with those of analogous [MX5L)Z- and 
trans-[MX4LL']Z- complexes measured in our laboratory (where L = CO, PR3, 
CH3CN, etc.). The relationship between E0 values varying across a very wide range 
(ca. 3 V) and the ligand-to-metal charge-transfer band energies for arrays of both 
chloride and bromide complexes are established. The additivity of ligand effects in 
13 
particular species such as trans-[OsII1Br4(CH3CN)(C0)]1- and newly prepared 
trans-[OsIIBr4(CH3CN)(N0+)]1- provide further insight. 
The second broad aspect of the present work, described in Chapter 4, is the 
study of an orderly family of bis-acetylacetonato complexes of the form [M(acac)2LL'] 
(where M = Ru, Os; L = Cl, N(CH3)3, CH3CN, PPh3, etc.), including a significant 
number of cis I trans isomeric pairs. This was prompted by some earlier observations 
within the group (in collaboration with Professor M.A. Bennett),27 which revealed 
there could be a significant difference in E0 values for the cis and trans isomeric forms 
for relatively moderate n-acid ligands such as L = PPh3 or ButNC. Since Lever's 
linear ligand addivity model does not distinguish between the different geometric 
isomers (vide supra), it is important to determine the extent to which the experimentally 
observed ligand effects depend on the ligand arrangement. For this purpose, we 
analyse in some detail the electronic properties of the cis and trans bis-acetylacetonato 
complexes of ruthenium and osmium. The relationship between measured E0 values 
and Lever's EL electrochemical parameters has been tested, and the behaviour of the 
observed charge-transfer bands (both acac to metal, and metal to acac) is also 
examined. 
The classical ,B-diketonate ligand system is of considerable importance in many 
areas of coordination chemistry, yet in electronic terms it is by no means "innocent". It 
has been very interesting in the course of this work to see whether the strategies 
developed to measure and interpret ligand additivity effects on simpler systems (as in 
Chapter 3) were equally productive for {M(acac)2} binding sites. 
In 1991, lack of the appropriate test compounds prevented Heath and Duff 
from analysing cis-analogues of their instructive trans-[RuX4(RCN) 2]1- complexes for 
isomer-sensitive effects on the redox couples.19 However, the osmium bromide 
analogue was isolated in the course of the present work. Appendix 1 investigates the 
comparative electrochemistry of the cis and trans-[OsBr4(Lh)Z- complexes, with L = 
CH3CN and CO, in the light of the information gained for the cis and trans {M(acach} 
systems described in Chapter 4. 
14 
Finally, although beyond the scope of this thesis, the recent, extraordinary 
developments regarding the critical physiological and biochemical roles played by NO 
as a ubiquitous neuro-transmitter and electron-transfer agent must be mentioned. Many 
of these findings immediately pre-date or coincide with the present study. They have 
been have been reviewed from a biochemical viewpoint. 28 At present, venerable 
sodium nitroprusside, Na2[Fe(CN)5(NO)], is widely used clinically as a 
blood-pressure lowering agent. There must be the prospect of informed development 
of new metallo-nitrosyl agents for in-vivo NO delivery; both to aid physiological 
research and for therapeutic use.28 One promising line of current research involves 
photochemically induced dissociation of NO, and might be used specifically to target 
hard tumours. In these circumstances, the efforts made in Chapter 3 to accurately rank 
the influence of coordinated NO+ on the optical and redox properties of its transition 
metal complexes seem very timely. 
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Chapter 2 
Synthesis and Structure of Ruthenium and Osmium 
Mixed Halide Nitrosyl Complexes 
. . 
As outlined in the introductory chapter, non-linear ligand additivity effects have been 
previously observed in coordination compounds containing carbonyl ligands, which are 
strong tr-acceptors. The nitrosyl ligand has even stronger tr-acceptor properties, which 
is why we are interested in NO-containing complexes. In this chapter we first survey 
aspects of the synthesis and reactions of ruthenium and osmium mixed halide nitrosyls, 
including recent developments in our laboratory. Finally, we discuss their structures 
and the nature of bonding of the nitrosyl moiety in these complexes. 
2.1 Halo-nitrosyl Complexes - A Review 
Various methods of preparation of transition metal nitrosyl complexes are 
extensively reviewed in the chemical textbooks,I as well as in the original literature.2,3 
We shall restrict ourselves to a brief survey of the synthesis mainly of "binary" nitrosyl-
halide complexes of ruthenium and osmium, which are limited in number. 
The formation of nitric oxide complexes is a well known feature of the 
coordination chemistry of ruthenium. Ruthenium compounds that have been in contact 
with NO, N02 or nitric acid should be suspected of incorporating a nitrosyl moiety. In 
fact, one might inadvertently prepare a nitrosyl complex from often impure commercial 
ruthenium trichloride. Thus a nitrosyl derivative of bis-dithio-acetylacetonato 
ruthenium was synthesised from a "Ru(NO)Cl3" contaminated starting material.4 
18 
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Figure 2.1.1 The structural formulae of various divalent nitrosyl-halide complexes 
(M = Ru or Os; X = halide): (a) [MXs(NO)J2-; (b) dimeric edge-sharing 
[M(NO)X4J22-; (c) square pyramidal complex [M°X4(NO)J-; (d) tetragonal tetrahalo-
nitrosyl complex [MX4(NO)(L)J-, Lis a neutral ligand. Trivalent forms, where known, 
are described in the text. 
Purple crystalline potassium pentachloro-nitrosylruthenate(II) was prepared for 
the first time in the middle of the last century by C.C. Claus, the discoverer of 
ruthenium, by fusing ruthenium metal with a mixture of KOH and KN03 followed by 
dissolution in hydrochloric acid, evaporation to minimal volume and subsequent 
precipitation of the crystals by adding a concentrated KCl solution.5,6 Claus, however, 
thought these crystals to be "RuCl4 •2KC1." A compound of this formulation would 
have a very similar metal content to K2[RuCl5(NO)]. It was not until 1888 that 
A. Joly7,8 proved the compound to be "RuC13(AzO), 2KC1". * Joly also prepared the 
compound by adding HCl to a solution containing ruthenium trichloride and potassium 
nitrite. 7 A number of routes to [RuC15(NO) ]2- salts have since become known and the 
structure established as 2.1.1 (a).9 A convenient method described by J.M. Fletcher et 
* "Az" stands for nitrogen (azote) making the formulation equivalent to K2[RuCl5(NO)] 
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al. utilises a mixture of NO and N02 gases as a source of the nitrosyl moiety.10 Once 
synthesised, [RuC15(N O)] 2- can be converted to pentabromo- and penta-iodo-
nitrosylruthenate(II) by repeatedly evaporating solutions in hydrobromic or hydroiodic 
acid, as appropriate,11 and to pentafluoro-nitrosylruthenates by fusing it with a 
three-to-five fold excess of potassium hydrogen fluoride in a nickel or platinum 
crucible.12,13 
Hydrolysis of the [RuC15(N0)]2- anion gives, among other aqua complexes, 
trans-[RuC14(H20)(NO)]-, which appears to be the only · mono-substituted tetragonal 
tetrahalo-nitrosyl complex described in the literature.9 The structure of this complex 
anion has been determined14 and is represented in Figure 2.1.1 (d) (L = H20). 
Reaction between very dry ruthenium trichloride and trichloronitromethane is 
reported to yield polymeric [Ru(NO)Cl3]x,15 A dimeric ruthenium nitrosyl-halide 
complex, featuring an edge-sharing molecule [Ru(NO)Cl4h2- (Figure 2.1.1, (b) ), is also 
described in the literature. The complex was prepared from [Ru(NO)Cl3]x by addition 
of triphenylmethyl phosphonium chloride in dichloromethane and isolated as a 
triphenylmethyl phosphonium salt.15 The dimer was characterised by elemental 
analysis, IR-spectroscopy, and its crystal structure was determined from X-ray 
diffraction data. Another poorly characterised and possibly impure compoµnd, 
proposed to have a binuclear formulation K3[Ru2(NOhCl9],* was reported as a product 
of [Ru(NO)Cl3(H20)2] in HBr in the presence of SnC12.16 
Though osmium nitrosyl chemistry is not as extensive as that of ruthenium, a 
number of osmium halo-nitrosyl complexes have been isolated and characterised.17 The 
first complexes of the type [OsX5(N0)]2- (X = Cl, Br, I) can be found in the literature as 
early as 1903,18 when they were prepared by the action of the appropriate hydrohalic 
acid on salts of [Os(NO)(OH)(N02)4]2-. Alternative routes to such complexes have 
been discovered,17,18 even for X = F.19 In 1991, Bhattacharyya et al. reported another 
preparation of pentahalo-nitrosylosmate(II) salts by treating bisoxalato-
nitrosylosmate(Il)"with hot concentrated hydrohalic acid.20 Recently, in our laboratory, 
a [OslIICl5(NO) ]- salt was synthesised by using Ag+ to abstract chloride from a 
* This product might well be K2[Ru(NO)CI4]2•KCl. 
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1,2-dichloromethane solution of hexachloro-osmate(IV) in the presence of nitrosonium 
hexachlorophosphate. 21 Reduction of the metal from the oxidation state IV to III is 
apparently spontaneous. The relevant complex however was not isolated at that stage, 
but further reduced in situ by tetrabutylammonium borohydride to [OsCl5(N0)]2-. The 
monomeric square pyramidal [OsCl4(N0)]1- complex has been also reported (Figure 
2.1.1, (c)).22 It makes an interesting contrast to the dimeric ruthenium complex of the 
same empirical formula ( vide supra). 
It is possible, using oxidation by lead dioxide of the [OsX5(NO)J2- salts, to 
prepare and isolate pentahalide complexes containing the Os(NQ)4+ moiety. 23 On the 
contrary, the corresponding [RuCl5(N0)]1- is unstable at ambient temperature and can 
be only prepared by electrochemical oxidation of the familiar [RuCls(N0)]2- complex in 
a chilled solution. 24 
21 
2.2 Synthesis and Characterisation of Halo-nitrosyl Complexes - Present Work 
Our objective was to study metal halide nitrosyl tetragonal complexes, so a 
family of such complexes was prepared from the appropriate starting materials. As 
further electrochemical and spectroscopic studies were to be carried out in non-aqueous 
media ( e.g. dichloromethane, acetonitrile ), the complexes, which are all anionic, had to 
be isolated as organosoluble salts. These derivatives incorporate such counter-cations 
NO gas + aqueous HCl 
refluxing with 
cone. HBr 
[Ru(NO)Br5] 2-
[BzPh3P] Br 
in aqueous 
ethanol 
[BzPh3Ph[Ru(NO)Br5] (IV) 
KAsF 6 in CH3CN, !-KBr J 
at328K 
[Ru(NO)Cl5] 2-i cone. KC/ solution 
i evaporation 
K2[Ru(NO)Cl5] (I)+ KCl 
aqueous 
[BzPh3P] Cl 
[BzPh3Ph[Ru(NO)Cl5] (II) 
[BzPh3P] [Ru(NO)(CH3CN)Br4] (V) 
! Pyridine, ambient temperature 
[BzPh3P][Ru(NO)(Py)Br4] (VI) 
extraction with an excess of 
TBA BF4 into CH2Cl2 
dimeric 
TBA2[RuC14(NO)h (Ill) 
[Cp2Co ]2[RuC14(NO)h 
(Illa) 
Figure 2.2.1 Preparative routes to various ruthenium halo-nitrosyl complexes 
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as tetra-n-butylammonium ([Bu0 4N]+), tetraphenylphosphonium ([Ph4P]+) or 
benzyltriphenylphosphonium ([BzPh3P]+). 
As outlined in the previous section, there are a number of preparatory routes to 
ruthenium and osmium halo-nitrosyl complexes. Thus we were able to use literature 
methods as a basis for the synthesis of some of the compounds discussed here, although 
in many cases, these methods were modified in the light of our experience. The 
synthetic routes to ruthenium complexes adopted in our laboratory are schematically 
shown in Figure 2.2.1. The method described by Fletcher et az.10 (vide supra) seems to 
be one of the most simple and convenient ways of obtaining salts of pentachloro-
nitrosylruthenate (II). 
To minimise the formation of Ru02 and other oxo-species, the reaction vessel 
containing an aqueous solution of commercial ruthenium trichloride, was purged with 
nitrogen before saturating the solution with pure NO gas, which not only provides a 
source of the NO+ moiety, but also creates a mild reducing atmosphere. After the 
completion of the reaction, an aqueous KCl solution was added and evaporation yielded 
a mixture of solids, purple K2[RuC15(NO)] (I) and KCI. This essentially pure mixture 
was used for the further transformations (Figure 2.2.1). A portion was used for the 
metathesis reaction with [BzPh3P]Cl, yielding mauve coloured [BzPh3P]2[RuCl5(NO)] 
(II). It is noteworthy that this cation probably presents the best option in terms of 
solubility of the product, as the [Bu0 4N]+ salt was too soluble in water to be readily 
isolated, while [P~P]+ salt, conversely, was insoluble both in water and in common 
organic solvents. 
We attempted to prepare the monomenc [Bu0 4N] 2[RuC15(NO)] by direct 
extraction of (I) into a dichloromethane solution of [Bu0 4N]BF4. According to mass 
spectral and analytical data (vide infra), the product had an empirical formula 
[Bu0 4N][Ru(NO)Cl4]. Crystals were obtained, and after the structure had been 
determined, the product proved to be dimeric [Bu04N)i[Ru(NO)Cl4h (Ill). This known 
compound was mentioned in the previous section, however, our preparation appears to 
be much simpler than the one previously described in the literature.15 By addition of 
23 
....... 
' I 
I 
I 
1 
I , 
I 
ii 
11 
1: 
1, 
[i 
~1 , 
' I 
I 
[CoCp2]BF4 to dichloromethane solution of (Ill), the cobaltocenium salt (Illa) was 
obtained. 
Another portion of the mixture of (I) and KCl was repeatedly recrystallised with 
hot concentrated HBr to give, on addition of [BzPh3P]Br or [Bun4N]Br, the 
corresponding salts of [RuBr5(NO)J2- (compounds (IV) and (IVa)* respectively). The 
new trans-substituted bromo complexes (V) and (VI) were prepared, as shown in 
Figure 2.2.1. We discovered that the chloro complexes do not undergo 
trans-substitution reactions as easily as their bromo analogues, and complexes of the 
formula [RuC4(L)(NO)] 1- could not be prepared. 
We have already mentioned that in 1990 in this laboratory D.G. Humphrey 
prepared [OsIIC15(N0)]2- complex in two steps from hexachloroosmate(IV) according 
to the scheme: 
This method was conceptually a new one, as the halide ·array is already assembled 
around the metal centre in this case, before the nitrosyl moiety is introduced. A certain 
disadvantage of this route is the metal's spontaneous lowering of oxidation state from 
IV to III during the first step with no apparent reducing agent present. On the contrary, 
NO+ ( derived from NOPF6) creates quite an oxidising environment. Therefore it would 
be beneficial to use NO gas instead (vide supra). Another useful modification of the 
method would be the use of [OslVX5(thf)J- precursor (X = Cl or Br), since such 
complexes are known to have an extremely labile tetrahydrofuran ligand, 21 which could 
be readily substituted in situ by other ligands. These strategies both proved worthwhile. 
The osmium(ill) nitrosyl complexes were further reduced to their divalent forms in situ 
by an appropriate tetrahydroborate salt. This is advisable because the very 
* This compound is not shown in figure 2.2.1 
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Table 2.2.1 The results of the elemental analysis 
Mass%, 
Compounds Empirical Found 
formulae (Calculated) 
C H N halogen 
[BzPh3P]2 CsoH44P2RuCl5NO 60.02 4.59 1.35 17.86 
[RuCl5(NO)] (II) (59.16) (4.37) (1.38) (17.64) 
[BzPh3P]2 CsoH44P2RuBr5NO 47.89 3.32 1.15 32.04 
[RuBrs(NO)] (IV) (48.53) (3.58) (1.13) (32.29) 
[Bun4N]2 C32H 12N 3RuBr50 37.46 7.45 4.08 39.59 
[RuBrs(NO)] (IVa) (37.85) (7.15) (4.14) (39.34) 
[BzPh3P] C21H2sPRuBr4N 20 38.68 2.96 3.09 38.18 
[RuBr4 (CH3 CN)(NO)] (38.37) (2.98) (3.31) (37.82) 
(V) . 
[BzPh3P] C3oH21PRuBr4N 20 40.55 2.90 3.10 36.38 
[RuBr4(Py)(NO)] (VI) (40.80) (3.08) (3.17) (36.19) 
[Bun4N]2 C32H 12N4Ru2Cls02 36.72 6.98 5.79 27.43 
[Ru(NO)Cl4h (Ill) (37.35) (7.06) (5.45) (27.21) 
[C0Cp2]2 C2oH20Co2N 2Ru2Cls02 26.69 2.27 2.72 30.39 
[Ru(NO)Cl4]2 (Illa) (26.00) (2.18) (3.03) (30.69) 
[BzPh3PJ2 CsoH44P20sCl5NO 54.82 3.61 1.21 
-
[OsCls(NO)] (VII) (54.38) (4.02) (1.27) 
[BzPh3P]2 CsoH44P20sBr5NO 44.60 3.33 0.94 
-
[OsBr5(NO)] (VIII) (45.27) (3.34) ( 1.06) 
[BzPh3P] C3olf27POsBr4N20 37.17 2.70 2.73 
-
[OsBr4(CH3CN)(NO)] (37.06) (2.80) (2.88) 
•0.5 (C6H6) (IX) 
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Figure 2.2.2 Negative ion Fast Atom Bombardment (FAB) mass-spectrum of [OsBr4(CH3CN)(NO)J1- complex anion. 
. Table 2.2.2 Negative ion FAB mass spectrometry data for divalent complexes. 
Complex anion m/z obs. % of Observed 
(m/z calc.) base peak fragments 
309 11 [RuCls(NO)]l- = [M]l-
[RuCl5(N0)]2- (309) 
274 100 [RuCl4(N0)]1-
(274) 
244 97 [RuCl4] 1-
(244) 
239 85 · [RuCl3(NO)J 1-
(239) 
209 50 [RuCl3]1-
(209) 
451.5 90 [RuBr4(N0)]1-
[RuBr5(N0)]2- (452) 
421.5 100 [RuBr4]1-
(422) 
372.6 75 [RuBr3(N0)]1-
(373) 
342.6 60 [RuBr3]1-
(343) 
493 10 [RuBr4 ( CH3 CN)(N O)] 1-
[RuBr4 ( CH3 CN)(NO)] 1- (493) = [M]l-
452 100 [RuBr4 (NO)] 1-
(452) 
422 64 [RuBr4]1-
(422) 
373 83 [RuBr3(N0)]1-
(373) 
343 60 [RuBr3J 1-
(343) 
530.4 100 [RuBr4(Py)(NO)Jl-
[RuBr4 (Py )(NO)] 1- (531) = [M]l-
452.0 77 [RuBr4 (NO) ]1-
(452) 
421.4 86 [RuBr4J 1-
(422) 
373.0 74 [RuBr3(N0)]1-
(373) 
342.5 
(343) 
81 [RuBr3] 1-
274 95 [Ru(NO)Cl4h2- = [M]2-
[Ru(NO)Cl4h2- (274) or [Ru(NO)Cl4]1-
244 
(244) 
85 [RuCl4]1-
239 100 [RuCl}(NO)] 1-
(239) 
209 58 [RuCl3]1-
(209) 
396.5 27 [OsCls(NO)]l- = [M]l-
[OsC15(NO)J2- (397) 
361.6 100 [OsCl4(N0)]1-
(362) 
27 
Table 2.2.2 (cont.) 
Complex anion mlz obs. % of Observed 
(m/z calc.) base peak fragments 
620 31 [OsBr5(N0)]1- = [M]l-
[OsBr5(NO)J2- (621) 
590 34 [OsBrsJ 1-
(591) 
539 100 [OsBr4(NO)] 1-
(540) 
509 62 [OsBr4]1-
(510) 
458 47 [OsBr3(N0)]1-
(461) 
580.6 11 [OsBr4(CH3CN)(NO)] 1-
[OsBr4(CH3CN)(N0)]1- (581) = [M]l-
539.5 100 [ OsBr4(N O)] 1-
(540) 
509.5 31 [OsBr4]1-
(510) 
460.6 33 [OsBr3(NO)] 1-
(461) 
positive III/II couples make work-up of osmium (II) far more convenient. The synthetic 
procedure used is summarised below (for X = Cl or Br): 
O _ry 2- Ag[CF3S03] 1 The 1st step [ ~~ ~] 50% thf, .... [Os
1YXs(thf)] - + AgCl -1 
50% CHi(Cl)CH2Cl 
The 2nd step 
The 3rd step 
Both chloro (VII) and bromo (VIII) complexes were isolated as [BzPh3P]+ salts. While 
the first step is an overnight reaction, the second and third are complete within a few 
28 
minutes. It has to be emphasised that the above reactions must be carried out under dry 
nitrogen gas. 
Previously unreported [OsBr4(CH3CN)(N0)]1- (IX) was prepared by solvolysis 
of the corresponding pentahalo-nitrosyl complex (VIII) in acetonitrile in the presence 
Neither for ruthenium nor for osmium did we succeed in synthesising a chloro 
analogue. This result is supported by a report of the five-coordinate [OsCl4(NO)J-
complex, which does not react with acetonitrile.22 The difference between the bromo 
and chloro complexes is a subject of ongoing chemical investigation and theoretical 
calculations. 25 
All the complexes prepared were characterised by elemental analysis. These 
results are presented in Table 2.2.1. Negative ion fast atom bombardment (FAB) mass 
spectrometry results for · the divalent complexes are presented in the Table 2.2.2. 
Previous mass spectral studies2 l indicated that mono-substituted halide complexes of 
osmium(ill) [OsX5(L)]1- often do not produce molecular ion peaks. It is worth noting 
that every complex studied here, with the exception of [RuBr5(N0)]2-, revealed the 
molecular ion peak. Most of them are relatively low in intensity, however, the spectrum 
of [RuBr4(Py)(N0)]1- shows a strong molecular ion peak, perhaps indicating the 
exceptional stability of this species. 
Available crystal structures and the IR and EPR-spectra are examined in the 
following section, while the electrochemistry and UV NIS spectra will be discussed in 
the next chapter. 
29 
2.3 The Metal Nitrosyl Moiety - Aspects of Structure and Bonding 
Before one can contemplate the influence of a nitrosyl ligand on a given metal 
centre, it is necessary to determine the NO coordination mode, as it is well known that 
this can vary from a linear positively charged No+ group,* with a triple N-0 bond, to a 
bent negatively charged NO- group, with an effective double N-0 bond 
(Figure 2.3.1).1,28 The binding mode of a nitrosyl ligand is of critical importance to its 
additive contribution to the observed E0 values and other properties of a given nitrosyl 
complex. Knowledge of geometry (cis or trans) of the hitherto unreported complexes 
[MBr4(NO)(L)] 1- is also necessary for further analysis of their electronic properties. 
0 
0
111 
DOO ~ 
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0 ~ ~ \) N .. .. N(B re t 11 
DMO M M 
a b 
1 2 
Figure 2.3.1 Lewis structures of linear ( 1) and bent (2) nitrosyl moiety. Linear nitrosyl 
(I) is represented by two resonance structures ( la and lb): the greater the contribution 
of the structure lb, the greater the extent of n-backbonding. The formal charge on the 
linear NO is + 1. Bending of NO (2) completely withdraws an electron pair from the 
metal, making a formal charge of -1 on the nitrosyl . 
Halo-nitrosyl complexes of ruthenium and osmium are known to contain a linear 
NO+ moiety with a formal triple bond. 20,29,30,31 The crystal structures of the 
triphenylbenzylphosphonium salts of [OsBr4(CH3CN)(N0)]1-, [RuBr4 (CH3CN)(N0)]1-
* As a ligand, NO+ is isoelectronic to CO and formally acts as a "2-electron cr-donor, 2-electron 
n-acceptor." It is important to understand, however, that the local charge on a nitrosyl group (as 
determined by X-ray photoelectron spectroscopy) could be close to zero or even negative due to 
extremely strong n-backbonding (ref. 26, 27). Therefore in calling the ligand No+ we merely attribute a 
formal charge of+ 1, in order to emphasise electronic similarities with the carbonyl ligand. 
30 
and [RuBr4(Py)(N0)]1- (compounds (V), (VI) and (IX)) were determined by X-ray 
diffraction. * Determining precise geometric data for nitrosyl complexes is usually not 
an easy task. Both the relatively large thermal wagging motion of the oxygen atom of 
the NO group and crystallographic disorder may contribute to the shortening of the 
apparent bond length. 28,32 The geometry of the complexes however was determined 
Table 2.3.1 Structural characteristics of NO moiety in the studied and related halo-
nitrosyl complexes.* 
a a 
Compound M-N A 
' 
N-0 A 
' 
M-N-0 Source 
(deg) 
[HPhen] 2 [Os(NO)Br5] 1.81(0) 1.19(0) 172(0) 20 
K2 [Os(NO)Cl5] 1.71(1) 1.17(1) not reported 34 
K2 [Os(NO)Br5] 1.74(2) 1.17(3) not reported 34 
[BzPh3P] This work 
[ OsBr 4( CH 3 CN)(N O)] 1.769(11) 1.133(15) 176.9(9) complex IX 
•0.5 (C6H6) a 
(NH4h [Ru(NO)Cl5] 1.738(2) 1.131(3) 176.7(5) 30 
K2 [Ru(NO)Br5] 1.724(17) 1.175(24) 174.4(1.3) 31 
[BzPh3P] This work 
[RuBr4(CH3CN))(NO)] 1.722(7) 1.094(11) 176.2(7) complex V 
•0.5 (C6H6) 
[BzPh3P] This work 
[RuBr4(Py)(NO)] 1.785(7) 1.001(10) 177.7(7) complex VI 
•0.5 (C6H6) 
(NEt4) 1.723(15) 1.19(2) 169(3) 32 
[Re(NO)(EtOH)Br4] 
(NEt4) 1.771(11) 0.99(2) 178(6) 32 
[Re(NO)(CH3CN)Br4] 
* See Appendix 2. 
a For this compound it was noticed that the thermal ellipsoid for the nitrogen of the NO moiety was 
elongated in the direction of the N-0 vector and that the N-0 bond was unreasonably short (0.95(1)A). 
A similar phenomenon had previously been observed for the structure of [Os(NO)Br5]2- where there was 
disor~ering of the NO and Br groups (ref. 20). A model was set up with a Br atom of occupancy 0.05 at 
2.5 lA from the Os on the Os-0 vector and with N and O having occupancy 0.95. Agreement factors 
were slightly improved, the N-0 distance was now sensible and the thermal ellipsoids on N and O were 
more as expected, so this model has been retained and is presented here. 
31 
I 
I' 
1, 
I 
la 
ii 
' 
l , 
conclusively: all three compounds have a trans-configuration and contain a linear 
NO+ group. The bond lengths can be related to the published data for other nitrosyl 
complexes: selected bond lengths and angles are shown in Table 2.3.1. The observed 
N-0 distances should be compared with 1.06 A, which is the length of a purely triple 
bond in the nitrosonium cation33 and also with similar to N-0 bond lengths determined 
for a number of ruthenium and osmium halo-nitrosyl complexes (usually around 
1.1 A).28,29,30,31,34 One would expect a certain degree of N-0 bond elongation, 
compared to the uncoordinated nitrosonium cation, as a consequence of n-interaction 
with the n-backbonding central ion. Osmium (II) is generally deemed to be a better 
n-backbonding central ion than ruthenium (II). Indeed, [RuBr4(CH3CN)(N0)]1- (V) 
appears to have a nitrosyl ligand less perturbed (in other words, less elongated) by 
n-backbonding (1.094 A) than its osmium analogue (IX) (1.133 A)~ 
The frequencies of the N-0 stretches observed are shown in the Table 2.3.2. 
Their values are much higher than 1620 cm-1, and this is a clear indication of the linear 
No+ coordination mode. 35 The values are lower for osmium complexes than for their 
ruthenium analogues, consistent with osmium (II) being a better n-backbonder than 
ruthenium (II). Moreover, N-0 stretch energies are higher in acetonitrile-tetrahalo 
complexes than in pentahalo complexes, by about 40 cm-1. This suggests that. the 
n-interaction between the metal centre and NO group in such complexes is weakened 
by the introduction of a moderate n-acceptor acetonitrile ligand in place of a n-donating 
halide. Thus the IR data are consistent with the presence of a linear NO group and with 
the anticipated variations in the extent of n-backbonding. However it is necessary to 
exercise caution when interpreting these subtle changes, as the observed NO stretching 
frequency may vary depending on the counter-cation36: for example, for the 
[RuC15(N0)]2-complex NO stretching frequency is 1900 cm-1 in the potassium salt and 
only 1840 cm-1 in the [BzPh3P]+ salt. 
EPR spectroscopy provides another powerful tool for determination of the 
symmetry of paramagnetic metal complexes. 37 A number of ruthenium (III) complexes 
of C4v symmetry, including [Ru1IIC15(C0)]2- species, have been studied previously by 
* . 
Th~ d1ff~re?ce between N-0 bondlen?ths in complexes V and IX is 0.039 A. The X-ray diffraction 
data is ~f !lffilted ~ccuracy, and the relatively large standard deviation makes the two N-0 bondlengths 
not stati~t1cally different. However the IR data (vide infra) confirms that n-backbonding is stronger in 
the osmrnm (IX) rather that in ruthenium (V) complex. 
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Table 2.3.2 Selected IR peaks of the present complexes. 
Compound NO vibrations, cm-I 
K2[RuC15(NO)] (I) 1900 s (KCl pellet) 
[BzPh3P]2 [RuCl5(NO)] (II) 1840 s (KCl pellet), 
1850 s (CH2Cl2 solution) 
[Bu0 4N]2[Ru(NO)Cl4h 1870 s (KCl pellet), 
(III) 1880 s (CH2Cl2 solution) 
[BzPh3P]2 [RuBr5(NO)] (IV) 1825 s (KBr pellet) 
Other characteristic 
vibrations, cm-I 
[BzPh3P] 1865 s (KBr pellet), 2300,2320 w (KBr pellet) 
[RuBr4(CH3CN)(NO)] (V) 1875 s (CH3CN solution) - CN vibration 
[BzPh3P]2 [OsCls(NO)] (VII) 1795 s (KCl pellet) 
[BzPh3P]2 [OsBr5(NO)] 
(VIII) 
[BzPh3P] 
[OsBr4(CH3 CN)(NO)] 
•0.5 (C6H6) (IX) 
1800 s (KBr pellet) 
1850 s (KBr pellet), 2305,2330 w (KBr pellet) 
1830 s (CH3CN solution) - CN vibration 
means of EPR spectroscopy: the spectrum of the carbonyl complex reveals two g-values 
(g.1 = 2.25 and g11 = 1.95).38 However, an EPR study of the electro-generated 
[RuIIIC15(N0)]1- species produced a spectrum with a broad resonance signaI.24 The 
spectrum was originally interpreted as having three g-values. Thus the uniaxial 
structure of the trivalent nitrosyl species (i.e. linear rather than bent) remained open to 
doubt. The EPR spectra of the analogous [RuIIIC15(CO)J2- and [RulIIC15(NO)] 1- species 
were recorded again in the present work, in order to confirm the retention of uniaxial 
symmetry in the trivalent state. The trivalent nitrosyl complex is very unstable at 
ambient temperature and had to be bulk electro-generated at 223 K (-50 °C) from the 
familiar [RulIC15(N0)]2- complex immediately prior to the EPR experiment. Both the 
carbonyl and the nitrosyl species produced typical uniaxial EPR spectra (Figures 2.3.2 
33 
and 2.3.4). Hyperfine coupling with the 101 Ru and 99Ru nuclei was resolved in both 
spectra (Figures 2.3.3 and 2.3.4). These EPR data allow us to infer that the 
[Ru1IIC15(C0)]2- and [RuIIIC15(N O) ]1- species have similar uniaxial geometry. 
Therefore bending of the M-N-0 moiety following the Rull~ Rulli oxidation of the 
central ion may be ruled out. 
34 
i g.l = 2.29 
... ... 
200G 
Figure 2.3.2 EPR spectrum of the [Rul11Cl5(CO)J2- complex (microwave frequency 
8.98 GHz (the X-band); modulation amplitude 6 G; microwave power 22 mW; 
temperature 40 K). 
35 
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Figure 2.3.3 Hyperfine coupling to 101Ru and 99Ru in the EPR spectrum of 
[RulllCl5( CO ))2- ( expansion of the g11 component, Figure 2.3.2). The isotopes have 
natural abundances of 17.0 and 12. 7 % respectively. Both isotopes have spin 5/2, and 
their magnetic moments are similar. The observed hyperfine coupling constant 
A11:::: 60 G. The same applies to the spectrum of the nitrosyl species ( Figure 2.3.4 ). 
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Figure 2.3.4 EPR spectrum of the [Rull1Cl5(NO)J1- species (microwave frequency 
34.72 GHz (the Q-band); modulation amplitude 4 G; microwave power 5 mW; 
temperature 40 K). A11:::: 50 G. The Q-band was used to achieve better resolution 
between closely positioned parallel and perpendicular components. The singly occupied 
dxy orbital lies in the [MCl4] plane, thus there is no overlap between the SOMO and 
nitrogen orbitals. Therefore no hyperfine coupling with the nitrogen nucleus is 
observed. 
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2.4 Experimental 
2.4.1 General remarks 
Elemental analyses were performed by the Microanalytical Services Unit at the 
Research School of Chemistry, A.N.U. Negative ion fast atom bombardment mass 
spectra were obtained on a VG ZAB2-SEQ mass spectrometer with ionisation by cs+ 
ion bombardment using a caesium ion gun operating at ca. 30KV, in the 3-nitrobenzyl 
alcohol (NBA) matrix. X-ray diffraction data were obtained on a Rigaku AFC-6R 
diffractometer attached to a Rigaku RU-200B rotating anode X-ray generator equipped 
with a Cu target and a graphite monochromator.* Infrared spectra were recorded on a 
Perkin Elmer 683 infrared spectrophotometer calibrated against polystyrene film. EPR 
spectra of frozen solutions (glasses) in freshly distilled CH2Cli containing 0.5 M 
[Bun4N]BF4 were recorded in deoxygenated EPR tubes at 40 K with a 100 KHz field 
modulation, using a V arian-4502 spectrometer fitted with an Oxford Instruments helium 
flow cryostat. 
2.4.2 Materials and methods 
Ruthenium (ill) chloride (RuCl3•xH20) was purchased from Johnson Mattp.ey, 
Materials Technology U.K., [NH4]iOsCl6 and [NH4]iOsBr6 from Strem Chemicals Inc., 
NO gas (8 ft3, 500 PSI cylinder) from Matheson Gas Products, KAsF6 from 
K&K Laboratories Inc., 40% aqueous solution of [Bun4N]OH, [Bun4N]Br, 
benzylchloride, benzylbromide, triphenylphosphine, Ag[CF3S03] from Aldrich 
Chemical Co., hydrohalic acids, organic solvents, KCl and HBF4 from Ajax Chemicals 
and NaBH4 from Fluka AG. [Bun4N]BF4 was obtained by neutralising commercial 
aqueous [Bun4N]OH with HBF4. The product was recrystallised three times from 
methanol/water ( 4: 1) and dried in vacuo for 8 hours. [BzPh3P]Cl and [BzPh3P]Br were 
prepared from triphenylphosphine and benzylchloride or benzylbromide respectively 
according to literature methods. 39 [BzPh3PJB~ was prepared by mixing aqueous 
* Please see Appendix 2. 
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solutions of [BzPh3P]Cl and N aBf4, * and was subsequently dried in vacuo for 5 hours. 
[BzPh3P]20sC16 and [BzPh3P]20sBr6 were prepared from the ammonium salts by 
dissolving the latter in the appropriate dilute aqueous hydrohalic acid and adding 
solutions of [BzPh3P]Cl or [BzPh3P]Br** respectively. The product precipitates 
immediately and, after having been collected by filtration, washed with distilled water 
and dried, is recrystallised from CH2Ch/diethyl ether and dried in vacuo. 
Ruthenium (III) pentachloro- and pentabromocarbonyl complexes were prepared as 
described in the literature.40 [Pl4P]2[RuC15(CO)] and· [Ph4P]2[RuBr5(CO)] were 
precipitated from aqueous solution (pH ca. 5) by addition of [Pl4P]Cl or [Ph4P]Br 
respectively. The carbonyl complexes were recrystallised from CH2Cl2/diethyl ether 
and dried in vacuo. The individuality of [Pl4P]2[RuC15(CO)] and [Ph4P]2[RuBr5(CO)] 
was confirmed by TLC on Si02 plates with CH2Cl2/CH3CN (2: 1, v:v) mixture as the 
eluent and by cyclic voltammetry (see Chapter 3). The [RuIIlC15(N0)]1- complex 
generated from the divalent species by electrochemical oxidation in bulk for the EPR 
experiments was checked by comparison of its UV /VIS spectrum with the one obtained 
in the OTTLE cell (see section 3.3). The [RuillC15(N0)]1- complex is a very strong 
oxidant, therefore it is important to avoid any contact of its solution with potentially 
reducing materials (e.g. steel needles or cannulas). 
2.4.3 Synthesis of ruthenium and osmium halide nitrosyl complexes 
Potassium pentachloro (nitrosyl) ruthenate (II) and potassium chloride mixture 
Ruthenium (ill) chloride (2 g) was dissolved in distilled water (50 mL) in the 
reaction flask and purged with nitrogen gas for an hour. Then NO gas was bubbled 
through the reaction mixture for a further hour. The solution was then left under NO 
gas for 10 hours. After purging the reaction vessel with N2, 12M HCl (2 mL) and KCl 
(2 g) were added. The solution was passed through a paper filter and evaporated to 
dryness to give ca. 4 g of very dark purple material. The IR spectrum (KCl pellet) 
* NaBI4 must be dissolved in 2M NaOH solution 
** [BzPh3P]Br is insufficiently soluble in water and has to be dissolved in aqueous ethanol (1: 1, v:v). 
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showed an extremely intense band, v(NO) = 1920 cm- 1. The complex salt 
K2[RuC15(NO)] was not separated from KCl as the mixture could be conveniently used 
for the further reactions. 
Benzyltriphenylphosphonium pentachloro (nitrosyl) ruthenate (II) 
K2[RuC15(NO)]/KCl mixture (0.10 g) was dissolved in lM HCl (20 m.L) and an 
aqueous solution of [BzPh3P]Cl (0.5 g) was added. The mauve-coloured precipitate 
. . 
was washed by water, a small volume of cold ethanol and diethyl ether. After 
recrystallisation from CH2Cl2/diethyl ether and drying in vacuo 0.21 g (0.2 mmol) the 
solid [BzPh3P]2[RuCl5(NO)] was obtained. 
Tetra-n-butylammonium di-µ-chloro-bis(trichloro (nitrosyl) ruthenate (II)) 
K2[RuC15(NO)]/KCl mixture (0.10 g) was stirred with a solution of [Bun4N]BF4 
(0.25 g) in CH2C}z (20 m.L) for 16 hours. The red solution was evaporated to 5 mL and 
ethanol (15 mL) was added . . When the solution was cooled, orange crystals 
precipitated. They were -washed with a small volume of cold ethanol and diethyl ether . 
and dried in vacuo. 
Yield: 0.10 g (0.1 mmol) [Bun4N]2[RuCl4CNO)h. 
Cobaltocenium di-µ-chloro-bis( trichloro ( nitrosyl )ruthenate (II)) 
[Bun4N]2[RuCl4(NO)h (0.05 g, 0.05 mmol) was dissolved in warm (ca. 310 K) 
CH2Cl2 (ca. 10 m.L) and [(C5H5)zCo] BF4 (0.015 g, 0.05 mmol) was added. After 
stirring the mixture for 30 min the resulting red crystals were separated from the mother 
liquor by centrifugation. The product was repeatedly washed by CH2Cl2 and diethyl 
ether and dried in vacuo at 360 K. 
Yield: 0.03 g (0.03 mmol; 60-o/o) [(C5H5)zCo]z[RuCl4(NO)h. 
Benzyltriphenylphosphonium pentabromo ( nitrosyl) ruthenate ( II) 
K2[RuCl5(NO)]/KCl mixture (0.20 g) was dissolved in 12M HBr (50 mL ) and 
warmed to 350 K for 24 hours. The solution was evaporated to dryness. The IR 
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spectrum of the solid (KBr pellet) shows only one intense peak v(NO) = 1880 cm-1. 
K2[RuBr5(NO)] was not isolated, but redissolved in lM HBr (20 mL). [BzPh3P]Br 
(1.00 g), dissolved in aqueous ethanol (1:1, v:v), was added to immediately precipitate 
the light green solid. The product was washed with water, ethanol and diethyl ether, 
recrystallised from CH2Cli/diethyl ether and dried in vacuo. 
Yield: 0.37 g (0.3 mmol) [BzPh3P]2[RuBr5(NO)]. 
Tetra-n-butylammonium pentabromo (nitrosyl) ruthenate (II) 
This compound was prepared using the procedure analogous to the previous 
one, the only difference being that an aqueous solution of [Bun4N]Br (1.00 g) was used 
instead of the [BzPh3P]Br solution. 
Yield: 0.27 g (0.27 mmol) [Bun4N]2[RuBr5(NO)]. 
Benzyltriphenylphosphonium trans tetrabromo (acetonitrile)(nitrosyl) ruthenate (II) 
[BzPh3P]2[RuBr5(NO)] (0.31 g, 0.25 mmol) was dissolved in acetonitrile 
(20 mL) under nitrogen gas. 0.05 M KAsF6 solution in acetonitrile (5 mL) was added. 
The reaction mixture was stirred at 320 K for 12 hours, yielding a red-purple solution 
and a fine white precipitate (KBr). The solution was cooled to the ambient temperature 
and filtered under nitrogen gas through a bed of celite, in order to remove the 
precipitate. The filtrate was evaporated to a small volume (ca. 3 mL) and benzene 
(ca. 10 mL) was added to induce the slow formation of dark red crystals of the 
hemi-benzene solvate. Benzene . of crystallisation was removed by drying 
the product in vacuo at 350 K for 6 hours.* 
Yield: 0.14 g (0.17 mmol; 68 % ) [BzPh3P][OsBr4(CH3CN)(N0)]•0.5 (C6H6), 
Benzyltriphenylphosphonium trans tetrabromo (nitrosyl)(pyridine) ruthenate (II) 
[BzPh3P][RuBr4(CH3CN)(NO)] (0.05 g, 0.06 mmol) was dissolved in pyridine 
(ca. 3 mL). The solution was allowed to stand for 2 hours. Diethyl ether was added to 
* A few crystals were not dried in vacuo, but were retained for X-ray crystal structure analysis . 
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induce precipitation of the dark mauve crystals of the product. The crystals were dried 
in vacuo at 340 K for 4 hours. 
Yield: 0.45 g (0.05 mmol; 83 % ) [BzPh3P][RuBr4(Py)(NO)]. 
Benzyltriphenylphosphonium pentachloro (nitrosyl) osmate (II) 
[BzPh3P]20sC16 (0.33 g, 0.3 mmol) was dissolved 1n a mixture of 
tetrahydrofurane and 1,2-dichloroethane (40 mL, 1:3, v:v) under nitrogen gas. 
Ag[CF3S03] (0.08 g, 0.3 mmol) was added, and the formation of a · dark clumpy 
precipitate was initially observed. The reaction mixture was stirred with the exclusion 
of light for 14 hours at 335 K. During that time the dark precipitate dissolved and a fine 
white precipitate (AgCl) formed. The solution was cooled to ambient temperature and 
filtered under nitrogen gas through a bed of celite. The filtrate, containing 
[OslVXs(thf)]-, was evaporated to dryness and redissolved in dry CH2Cli (30 mL). Dry 
NO gas was passed through the solution for 20 min. In that time a vivid colour change 
from yellow to intense purple took place, indicating the formation of [Os1IIC15(N0)]1-. 
When a two-fold excess of [BzPh3P]B~ (0.11 g, 0.3 mmol) was added, the solution 
became almost colourless, and was evaporated to a small volume (ca. 5 mL). Upon 
addition of diethyl ether, an off-white solid was obtained. It was recrystallised from 
CH2Cli/diethyl ether and dried in vacuo. 
Yield: 0.22 g (0.2 mmol; 67 %) [BzPh3P]2[0sCl5(NO)]. 
Benzyltriphenylphosphonium pentabromo (nitrosyl) osmate (II) 
This compound was prepared by a method analogous to the previous one, but 
using [BzPh3P]20sBr6 as a starting material (0.70 g, 0.5 mmol). A brown 
microcrystalline product was obtained. 
Yield: 0.46 g (0.35 mmol; 70 % ) [BzPh3P]2[0sBr5(NO)]. 
Trans benzyltriphenylphosphonium tetrabromo ( acetonitrile )( nitrosyl) osmate( II) 
[BzPh3P]i[OsBr5(NO)] (0.25 g, 0.2 mmol) was dissolved in acetonitrile 
(20 mL) under nitrogen gas. Ag[CF3S03] (0.05 g, 0.2 mmol) was added, and the 
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reaction mixture was stirred with the exclusion of light for 16 hours. A fine white 
precipitate (AgBr) was formed. After filtration through a bed of celite the filtrate 
volume was reduced to ca. 5 mL and diethyl ether/benzene mixture (15 mL, 1:1, v:v) 
was slowly added. The product precipitated as dark red crystals containing benzene of 
crystallisation. 
Yield: 0.15 g (0.15 mmol; 75 % ) [BzPh3P][OsBr4(CH3CN)(N0)]•0.5 (C6H6). 
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Chapter 3 
Electrochemistry and Spectroscopy of Ruthenium and 
Osmium Nitrosyls and Related Complexes: 
Implications for the Ligand Additivity Concept 
Having discussed the synthetic procedures and structural features of an orderly family 
of ruthenium and osmium nitrosyl halide complexes in the previous chapter, we now 
proceed to the electrochemical and spectro-electrochemical characterisation. We shall 
compare their electronic properties with those of the related carbonyl- and 
acetonitrile-substituted complexes of ruthenium and osmium, studied previously, and 
discuss the relationship between the charge-transfer spectra and the redox parameters. 
Finally, we shall examine causes of the irreversible electrochemical behaviour of the 
. ruthenium bromo nitrosyl species. 
3.1 Voltammetric Study 
3.1.1. General 
The voltammetry reported in this work was obtained in a j acketted but 
otherwise conventional three-electrodela (working, reference and auxiliary) cell. 
Platinum disk or bead electrodes were utilised. V oltammograms were recorded for 
dichloromethane or acetonitrile solutions containing tetra-n-butylammonium 
tetrafluoroborate as supporting electrolyte, in 0.5 M and 0.2 M concentrations 
respectively. The solutions were routinely deoxygenated by purging with N2 or Ar, 
and blanketted during the measurements. The electrode potentials are quoted versus 
the Ag/ AgCI reference electrode, against which ferrocene ([FeCp2]) is oxidised at 
+0.55 V. 
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In what follows the abbreviations CV and ac V stand for cyclic voltammetry and 
alternating current voltammetry respectively. As we did not intend to analyse the 
electrochemical (thermodynamic) reversibility of these systems in great detail, the 
descriptions of reversibility .or irreversibility refer, unless otherwise specified, to 
chemical reversibility, I b our main criterion being the equal magnitude of anodic and 
cathodic peak currents in the CV response. The separation of the anodic and cathodic 
peak potentials, ~Ep, * for all present reversible cyclic voltammograms lies between 
45 mV and 80 mV, therefore they are close to reversible Nemstian waves.le 
Low temperatures, typically between 223 K (-50° C) and 243 K (-30° C), have 
been used routinely to improve chemical reversibility by restricting decomposition of 
electrode products. 
3.1.2 Preliminary Remarks 
Before we report the new results for the present family of halo-nitrosyl 
complexes, it is instructive to review briefly the redox behaviour of the parent 
hexahalides as well as the related acetonitrile- and carbonyl-substituted complexes** . 
For [MX6]2- species (M = Ru, Os; X =Cl, Br)1the electrode potentials E
0 (IVN (d3/d4), 
IV/III (d4/d5) and IlliII (d5/d6)) have been previously reported by Graham Heath and 
his colleagues. 2-6 The difference in red ox couples between corresponding chloride and 
bromide complexes is small (and it can be indeed of positive or negative voltage), as 
the overall donor properties ( a and n) of these halide ligands are presumably similar. 
Replacement of a single halide ion by a neutral, less tr-basic ligand causes a 
considerable anodic (positive) shift in metal-based redox couples. The effect of 
multiple stepwise substitution of halide ligands by acetonitrile on the electrode 
potentials have been described in our laboratory for both ruthenium and osmium 
complexes.4-8 In the series [MX6-n(RCN)n]2- (M = Ru, Os; X =Cl, Br; RCN = CH3CN 
or PhCN ; n = 0 to 6 for Ru and O to 2 for Os) both the IV/III (d4/d5) and the 
* The value of LiEp must be close to 2.3RT/nF (n is the number of electrons transferred) for a 
reversible Nernstian electrode reaction 
** The electrochemical data for some carbonyl and acetonitrile-substituted complexes and the parent 
hexahalides are presented in the table 3.1.1. 
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III/II (d5/d6) couples display stepwise shifts close to + 0.6 V per halide displaced (Fig. 
3.1.1). These electrochemical observations at once confirmed the applicability of 
additive ligand electrochemical parameters4,5,6 and then, upon translation fro1n 
[MX6_0 (RCN)0 ]2- to [OsX6-nCC0)0 ]2- systems, demonstrated their limitations.7 The 
carbonyl halide complexes of osmium reveal an undeniably irregular stepwise shift in 
E0 in the series [OsX6-nCC0)0 ]2- (X =Cl, Br; n = 0-2, trans when n = 2): since the effect 
of introducing the second carbonyl is much less than the first. Such observations are in 
clear disagreement with the linear ligand additivity model, which expressly assumes 
that each successive replacement has the same effect on the properties of a complex. 
The presence of carbonyl halves the conventional + 0.6 V CH3CN / X shift in observed 
E0 , which becomes only + 0.3 V when the complexes [OsX5(C0)]2- and 
[OsX4(CO)(CH3CN)] 1- (X = Cl or Br) are juxtaposed. Thi is equally incompatible 
with the tenets of Lever's ligand additivity model,9,10 and was one of the reasons for 
the detailed study described in the next subsection. The electrochemical data for the 
corresponding ruthenium halo-carbonyl complexes have not been published hitherto. 
RuV!IV RuIV/III 
2 Ru1Il/II 
1 
E 0 (V) 
0 
-1 
[RuBr6_0 (PhCN)0 ] 2 -
-2 -t'-~~~~---r~~~~---,.--~~~~---~~ 
0 2 4 6 n 
Figure 3.1.1 Variation in redox potentials of the series [RuBr6-n(PhCN)nJz- (n = 0-6) 
as a function of stoichiometry of the complex. Data from ref 4. 
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Table 3.1.1 Electrode potentials for the IV/III and Ill/II metal-based redox 
couples of some [MX6Jz-, [MX5(L)Jz- and trans [MX4(L)2Jz- complexes of ruthenium 
( shaded cells) and osmium. 
Stoichiometry of the 
complexes 
::~::: ,.·.. ._., ..... 
- ..•. 
E0 IV /III (V) E0 Ill/II (V) Source 
!ll&ji!llttlijlJIJl1il~l11 1i11,1 ····· · · : ... ::- : •••••• 1t11i~t . . . .. / .... ::·!;:!:\ ?23 : 
i1ua1~B.1U1111~11ii•1111i111ij -••··· ·.·::••~ -~···•·~¥1-.•••··•·····.: ............. ················?······· I·····.••····D······L···· .. •1~1·· ~8 ·•······················ ··············;; .. ···:··-,.···•I:•'·· ... -... 4,s 
ilijffiiitl-)il~:ji;ii::j(:i•l\llll•!lliijlili1i!lj li!EisBl.~eai i•:1:::1.: ~o,;ao<;:; ::. • : .·. \ ... :.; this work 
:i]l&fjlflfJ>.§;·;~;jijl!jljlljI!li :!j::i:ii1il!(l!J::iii!l~tiilt~§ !;;•::i<I .,11• ;~O~  :) .... ).: , ... · this work 
[OsCI6)Z- -0.57 -l.93a 3 
[OsBr6]z- -0.37 -2.28a 7,8 
[OsCI5(CH3CN)]2- +0.21 -1.47 8 
[OsBr5(CH3CN)]2- +0.25 -1.45 7,8 
[OsCI4(CH3CN)2]z- +0.79 -1.00 8 
[OsBr4(CH3CN)2JZ- +0.82. -0.77 7,8 
[OsCls(ButNC)]2- +0.37 -1. 00 7,8 
[OsBr5(ButNC)]2- +0.50 - 0.95 7,8 
[OsCl5(CO)]z- +1.2 -0.6oa 8 
[OsBr5(CO)]z- +1.16 -0.36a 7,8 
[OsCI4(ButNC)2JZ- +1.01 -0.69 8 
[OsBr4(ButNC)2JZ- +0.96 -0.66 8 
[ OsCl4 ( CH 3 CN)( CO) )Z- +1.59 -0.15 8 
[OsBr4(CH3 CN)(CO) )Z- +1.53 -0.08 7,8 
[OsCI4(C0)2]z- +1.64 -0.10 7,8 
[OsBr4(C0)2JZ- +1.84 +0.27 7,8 
a Irreversible 
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start 
+1.5 +1.0 +0.5 O.OV 
Figure 3.1.2 Cyclic voltammogram (Ill/II redox couples) of the [RuIIIIIIClf NO+ )Jl-12-
( on the left) and [RullllllCls(CO)J2-!3- (on the right) anions present at similar 
concentrations in dichloromethane at 223 K. 
3.1.3 Voltammetry of the Halide Nitrosyl Complexes 
The NO+ ligand is an extremely strong n-acceptor; as such it withdraws the 
electron density from the central ion via n-interaction with the metal d-orb~tals. 
Therefore one can expect a very large anodic shift in the redox potentials of the present 
halide nitrosyl complexes relative to the parent hexahalides or even the corresponding 
carbonyls (Figure 3.1.2). Indeed the initial electrochemical studyl 1 of the 
[RuC15(N0)]2- complex demonstrated that it has a very positive oxidation potential 
(E0 III/II= + 1.53 V). The oxidation generates a turquoise coloured Ru(III) (d5) 
complex. In addition, as was mentioned in section 2.1, this redox couple behaves 
reversibly only at temperatures below 233 K. However, the potential is still within the 
usual electrode potential window in dichloromethane (from +2.0 V to -2.0 V) available 
in organic solvents such as dichloromethane and acetonitrile. 
As expected, the III/II red ox couples for the halide nitrosy 1 complexes proved to 
be quite positive (Table 3.1.2). The subsequent IV/III couple for all complexes would 
certainly lie far beyond +2.0 V, as the IV/III - III/II gap normally has a value between 
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Table 3.1.2 E0 III/II redox couples of the present halide nitrosyl complexes at 
235K. 
Complex anion (Mil) E0 III/II (V) 
+1.20 
+1.20 
[OsBr4(CH3CN)(NO)Jl- +1.51 
Method, sol vent 
CV,CH3CN 
CV, CH2Cl2 
CV, CH3CN 
1.5 and 2.0 volts,* and therefore was not observed. Notably, the ruthenium bromide 
nitrosyl complexes show irreversible electrode processes, as opposed to Ru/ Cl and 
Os/ (Cl or Br) nitrosyl complexes. The cause of this will be discussed in the next 
section, in the context of the electronic structure of these complexes. The reversible 
electrochemical behaviour of the majority of the complexes enables us to 
electro-generate the corresponding metal (III) derivatives and characterise them by 
spectroscopic methods (vide infra). As will be seen, access to the M(III) (d5) state is 
most important for better understanding of their molecular and electronic structure. 
An instructive comparison can be drawn between monomeric [RuC15(N0)]2-
and edge-sharing dimeric [RuC14(NO)h2-. The latter has its first oxidation, 
corresponding to the III/II couple of one of the ruthenium atoms in the dimer, at 
+2.18 V, some 0.6 V more positive than the E0 III/II of [RuC15(NO)J2-. A comparison 
a Reversible only when very dry conditions are observed. 
b Irreversible, i.e. CV lacks a return wave even at 235 K. This potential corresponds to the observed 
anodic peak potential. 
* See in table 3.1.1 
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of the electrochemistry of [OsC16]2- and [OsCl5h2- tells a similar story,7,12 the 
corresponding oxidations are always more difficult to achieve in the edge-sharing 
dimer. This reflects the fact that, in sum, there are only four anionic halide ligands per 
ruthenium (as the bridging halides are shared) in the dimer compared to five in the 
monomer. This increases the local positive charge on the metal-centre and hence 
makes it harder to remove an electron. In the light of these observations, one might 
ask, whether nitriles as Jr-acids contribute significantly to the observed stepwise 
+ 0.6 V electrode potential shift4 in the series [MX6-n(RCN)n]2 - (see Figure 3.1.1), or 
are merely accompanying the decrease in the number of halides attached to the metal. 
An important result of the voltammetric experiments comes from a comparison 
of the nitrosyl complexes with their direct carbonyl and acetonitrile analogues 
(Figure 3 .1.3). Firstly, if one compares the redox properties of the parent hexahalide 
with those of the monosubstituted [MX5(L)] 2- species (L = CH3CN, CO or NO+), one 
can see that the anodic shift of the III/II couple between [MX6]2- and [MX5(L)] 2-
increases significantly from L = CH3CN to L = NO+. This corresponds to the dramatic 
strengthening of Jr-acidity in the progression CH3CN, CO and No+. Secondly, in both 
carbonyl and nitrosyl complexes, exchange of the trans halide ligand by CH3CN results 
in a positive shift of the III/II couple by ca. 0.3 V, which is only half the "expe~ted 
shift" (vide supra) of ca. 0.6 V for such a substitution. This phenomenon is apparently 
caused by the greater ability of the carbonyl or nitrosyl ligands to withdraw electron 
density from the central ion so reducing its polarisability.13 In the carbonyl or nitrosyl 
complexes this effect is so marked that the influence of the further substitution of the 
halides by the nitrile ligands is limited. This observation confirms and extends the 
previous conclusion 7 that the effect of a halide/ CH3 CN substitution on the metal's 
redox properties depends on the other ligands present. The effect of an incoming 
ligand (replacing halide) is thus shown to be dependent on whether the site is trans to a 
Jr-donor (halide) or a mild Jr-acid (nitrile), on the one hand, or a strong tr-acid (CO or 
NO+), on the other. In Chapter 4 and Appendix 1 we shall demonstrate that the trans 
arrangement of ligands LIL' is particularly prone to the attenuation of their joint 
influence exerted on the central metal ion. This geometric aspect shows an important 
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Figure 3.1. 3 Relative locations of the d5 /d6 ( III/II) redox couples for the comparable 
tetragonal [OsBr4(L)(L ')Jz- complexes, where L (L') = Br, CH3CN, CO, No+. 
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limitation ignored in simplistic versions of the linear ligand additivity principle. 
. So far we have not looked at the identity of the redox-active orbital within the 
ligand-field split t2g-set. The spectro-electrochemical characterisation dealt with in the 
next section was instrumental in shedding light on this issue. 
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3.2 Spectro-electrochemical Study 
3.2.1 Preliminary remarks 
The tetragonal complexes described earlier are isolated as metal (II) 
compounds. These tetragonal complexes of divalent ruthenium and osmium have a d6 
configuration, where the orbital subset of the metal d-shell related to the t2g set of a 
regular octahedron is filled. The No+ ligand, in particular, stabilises the low oxidation 
state through its partial positive charge and strong tr-acceptor ability. Consequently the 
metal centre has only higher eg-derived orbitals available for ligand-to-metal charge-
transfer transitions. Indeed, the UV-VIS spectra of the present complexes in their 
divalent state do not exhibit any intense absorptions below 40000 cm-1. On the other 
hand d5 ruthenium (ill) and osmium (ill) halide complexes [MX6]3-, [MX5(L)]2- and 
[~(L)(L')]l-, where the ligands Land L' are acetonitrile, carbonyl and other ligands, 
are known to have rich UV-VIS spectra dominated by halide-to-metal charge-transfer 
transitions.5,6,7,8,14,15 Therefore in the present study spectro-electrochemical methods 
are applied for in situ electro-generation and UV-VIS spectroscopic investigation of 
the otherwise unavailable d5 ruthenium (III) and osmium (III) nitrosyl halide 
complexes. 
The explicit study of the ligand-to-metal charge-transfer spectra of the heavy 
metal complexes began with the hexahalides in the 1950' s, when Christian Klixbtill 
J¢rgensen published a paper entitled "Electron Transfer Spectra of Hexahalide 
Complexes". 16 In that work, the strong absorption bands observed in the UV-VIS 
spectra of many metal hexahalides complexes ([MX6JZ-) were discussed. J¢rgensen 
wrote: "The wave-numbers of these bands behave qualitatively as expected for an 
electron transfer from the halide to the central ion: they decrease with increasing 
oxidizing character of the central ion and with reducing character of the halide ion. " 
He suggested that such bands arise as an intramolecular redox process, or one-electron 
promotion: 
hv [Mn(X66-)]z- ---------1~ *[Mn-1(x65-)]z-
dn dn+J 
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Figure 3.2.1 Simplified MO diagram (the splitting and mixing of the halide a and 
n-orbitals are neglected), illustrating possible ligand-to-metal charge-transfer 
transitions in octahedraf hexahalide complexes. 
Even today this concept is of great importance for spectro-electrochemical studies, ·as it 
inspires us to correlate optical and redox data. From a large body of data J¢rgensen 
devised an optical electronegativity (Xopt) scale.17,18 It was proposed that the energy 
(VLMCT ) of the first symmetry-allowed* band in the charge-transfer spectrum was 
proportional to the difference in optical electronegativity of the halide and the central 
ion according to the following expression: 
VLMCT ( cm-1) = 30000 ( cm-l) fXopt(X) - Xopt(M)] + Esp, 
where Xopt(X) and Xopt(M) are optical electronegativities of the ligand and the metal 
respectively, and the constant 30000 cm-1 was required to correlate Xopt with the 
Pauling electronegativity scale; Esp is the spin pairing energy, which is a measure of 
* The charge-transfer transitions between any two gerade (or two ungerade) orbitals are 
symmetry-forbidden. 
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the change in the interelectron repulsion within the metal d-shell for the charge-transfer 
transition. 
In the process of ligand-to-metal charge-transfer the electron density (and 
the ref ore the interelectron repulsion energy) decreases on the donor ligand( s) and 
increases on the central ion. The overall change in repulsion energy is not necessarily 
zero. However, the repulsion energy change on the ligands may be considered 
approximately constant for a series of complexes, particularly when a specific number 
of donor ligands of a given type and a particular stereochemistry are both retained. In 
this case the change for the donor ligands is incorporated into the Xopt(X) value. The 
interelectron repulsion within the metal d-shell is not merely an attribute of the metal 
itself. The spatial extension of the metal d-orbitals, and hence the interelectron 
repulsion energy, is quite dependent on its ligand environment (ligands' a- and 
.1r-donor I acceptor properties) in a given complex. More covalently bound ligands (e.g. 
Br-, 1-) tend to delocalise the metal's d-electron cloud and thereby reduce the metal 
d interelectron repulsion energy. This phenomenon (the nephelauxetic effect) was first 
described by J¢rgensen and Schaffer.19 The precise evaluation of the effects of the 
interelectronic repulsion is, regrettably, not trivial. 20 
It should be emphasised that J¢rgensen's equation 1s designed for the 
homoleptic [ML6]2-type complexes. The optical electronegativities cannot be expected 
to remain unchanged for the heteroleptic species, as different ligands may affect the 
energies of the metal, as well as, other ligands .1r-orbitals involved in the LMCT. Thus 
J¢rgensen's optical electronegativity scale can be successfully used for prediction of 
approximate energies of the charge-transfer bands in homoleptic metal complexes, 
however, it cannot be generally applied to complexes containing two or more kinds of 
ligands with diverse donor/ acceptor properties. 
It is worthwhile taking a closer look at the nature of the LMCT transitions 
occurring in d5 metal hexahalide complexes before examining the substituted systems. 
A simplified MO diagram for metal - halide interactions is presented in Figure 3.2.1. 
The a and .1r-orbitals of the coordinated halides are the donor levels, while the partially 
occupied t2g and unoccupied eg orbitals of the central metal ion are the acceptor levels. 
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They give rise to four possible types of LMCT transitions (in order of increasing 
energy): TC to t2g , TC to eg , a to t2g , a to eg. Even for [MX6]Z- systems, with fully 
equivalent ligands, the situation becomes more complicated as ligand a and TC 
molecular orbitals are now split primarily due to interactions between the six halides 
within the coordination sphere to provide the so-called "molecular symmetry orbitals." 
The six a-orbitals transform as a1g + eg + t1u, while TC-orbitals transform as 
t1u + t2u + t1g + t2g.20 This increases the number of possible transitions from 4 to 14. 
For the low-spin d5 [IrC16]2- complex (with only one hole-in low-lying t2g set), the four 
lowest energy LMCT bands are assigned as TC(Cl) to t2g(M) transitions (Figure 3.2.2). 
Transitions from t1g(Cl) and t2g(Cl) to t2g(M) are very weak, as transitions between 
gerade orbitals are symmetry-forbidden. Transitions from the t1u(Cl) orbital into 
vacant eg(M) orbitals are more intense, but lie to higher energy. The halide-to-metal 
charge-transfer spectra for many other transition metal hexahalides have been recorded 
and assigned. 20 
Absorbance 
( arbitrary units) tiu 
30000 20000 10000 
cm-1 
Figure 3.2.2 UV-Visible spectrum of d5 [IrC16]2-. The spectrum is comprised of the 
four TC(Cl) to t2g(d) and one a(,Cl) to t2g(d) transitions. The absorptions are labelled 
according to the symmetry of the halide-based donor levels. 
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· Our next step is to examine d5 complexes of D4h symmetry (trans-[~L2]z-), 
where L is generally a neutral ligand and potentially a n-acceptor (e.g. ButNC, CO, 
etc.) rather than a n-donor like halide x-. The main difference between these tetragonal 
complexes and those of octahedral symmetry comes as a result of the positive 
tetragonal field imposed on the central ion. Due to tetragonal distortion, the metal t2g 
subshell is further split into eg(dxz and dyz) and b2g(dxy), while the eg subshell is split 
into a1g and b1g orbitals, as shown in Figure 3.2.3. Thus the relatively destabilised, 
singly occupied b2g(dxy) orbital becomes the lowest available metal acceptor orbital. It 
is important to note that this acceptor orbital lies in the plane defined by the central ion 
and the four n-donor halide ligands ( {~} fragment), so the electron hole is now 
restricted to the XY plane. Thus the intense optical charge-transfer spectra of these 
complexes are dominated by the planar { ~} chromophore. 
Let us now tum to the halide-based donor orbitals. Due to the decrease in the 
number of halide ligands (compared to the hexahalide complexes), the number of 
potential donor n-levels is now only three, rather than four: a2g, eu (doubly degenerate), 
b2g (Figure 3.2.4 ). Hence there could be three possible transitions into the lowest 
metal-based acceptor orbital b2g(dxy). Laporte's Rule requires that only one intense 
absorption remains, corresponding to eu(X) to b2g(dxy) transition. The {~} ~ Mill 
charge-transfer manifold of these complexes is typified by the spectrum of 
[RuCl4(CH3CN)2P- (Figure 3.2.5).5 The main peak appears as a doublet. The splitting 
is caused by ligand-centred spin-orbit coupling associated with the array of halide ions. 
A similar effect was observed earlier (but not accounted for) in the spectra of 
trans [OsX4(CO)(H20)]1- complexes,21 where X = Cl, Br or I: the spectrum of the 
chloride species shows a single broad principal absorption, but the principle peaks are 
split for the bro mo- and iodo-complexes. This splitting is undoubtedly associated with 
the halide-associated spin-orbit coupling, which increases from chloride to iodide. We 
shall see, that in most halide nitrosy 1 complexes examined in this work, the principa.1 
eu(X) to b2g(dxy) charge-transfer band is either broadened (chlorides) or even split into 
two bands (bromides) because of the spin-orbit coupling. 
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Figure 3.2.3 Schematic representation of the splitting of the d-shell of a regular d5 
octahedral complex in a tetragonally distorted D4h system, where the axial ligands L 
are more n-acidic than X (e.g. trans [Os1IlCl4(C0)2Jl-). For the tetragonal complexes 
of C4v symmetry (e.g. [OsCl5(NO)J1-) the schematic orbital diagram is analogous, but 
the "g" descriptions are lost. 
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Figure 3.2.4 Descent in complexity of the halide-based donor orbitals of n-symmetry 
participating in the principal charge-transfer.5 For effective electronic promotion such 
orbitals are required to be co-planar with the metal-based dn acceptor orbital ( the one 
lying in the XY-plane selected for this Figure): in the case of [MX6Jz- the acceptor is 
one of the t2g ( dxy, dxz or dyz) orbitals, while in the case of [MXLtL2Jz- it is the b2g ( dxy) 
orbital, as shown in the Figure 3.2.3. 
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Absorbance 
(arbitrary units) 
35 000 25 000 
cm-1 
15 000 
Figure 3.2.5 UV- Visible halide-to-metal charge-transfer spectrum of a ruthenium 
d5complex ( trans [RuCl4(CH3CN)2Jl- ). Some a/tr mixing occurs between the halide 
orbitals. 
Some axial co-ligands (L) in the tetra-halide complexes may also have orbitals 
( a or tr) of an appropriate energy to give rise to ligand-to-metal charge transfer 
transitions. However, such bands should be relatively weak in intensity, as the donor 
orbitals of the axial ligand L are not co-planar with the dxy acceptor orbital. Such 
bands have been reported for the chloride and bromide complexes [MX.iL2]2-, where L 
is phosphine or arsine, and M is osmium or ruthenium. 22,23 
The [MX4LL']2- or [MXsLJZ- complexes have C4v symmetry, and the Laporte 
Rule cannot be applied rigorously as these complexes lack a centre of inversion. 
However their electronic spectra display very similar characteristic absorptions and are 
interpreted in the same way as the D4h systems. 
Transitions within the t2g(M) related subshell of a tetragonally substituted 
system are expected to give rise to yet another type of very weak low-frequency 
absorptions, which have been recognised in the spectra of tetragonal osmium halide 
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Figure 3.2.6 Schematic diagram showing successive.splitting of the sixfold degenerate 
2T2g ground term of a regular octahedral d5 complex (Oh) by the spin-orbit coupling, 
3/2, A (Oh*), and then by a very strong tetragonal field Lit ( in the limiting 
trans-[MX4LL Jz- case; e.g. L =NO+) (C4/). The absorptions corresponding to the 
transitions I'7 ~ I'7 and I'7 ~ I'6, with energies L1r + A/2, may be observed in the 
near-IR region of an electronic spectrum. The picture for the trans-[MX4L2Jz-
complexes (D4h) would be analogous. 
complexes in the near IR (NIR) region.7,22 In the octahedral t2g5 complexes [MX6]2· 
the sixfold degenerate ground term 2T 2g is split by spin-orbit coupling into two states 
r7g (r7+) and rsg (rg+), as shown in Figure 3.2.6. The spin-orbit coupling constant A is 
approximately 3000 cm· 1 for osmium complexes and 1000 cm· I for ruthenium ones. 
The trans-[MJ4(L)(L')]2· complexes, particularly where at least one of the axial 
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ligands is NO+ or CO, are expected to have very large positive tetragonal field 
distortion (along the 4-fold axis of symmetry). This gives rise to three Kramers' 
doublets. The transitions between the ground state r 7 and the excited states r 7 and r 6 
cause the weak low-energy bands mentioned above. These bands, split by A and 
centred on Lit, give a measure of the tetragonal ligand field Lit , 
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3.2.2 The Present Work 
The optical spectra of the present tetragonal halo-nitrosyl complexes 
[MX4(NO)L]2- (L = X or CH3CN) and their analogues (Table 3.2 .1) exhibit similar 
traits to those of other halide complexes of ruthenium and osmium, exainined critically 
for the first time, as explained above. The main features of the intense charge-transfer 
manifold are: a principal e(X,r) to b2(dxy) band (in some instances accompanied by 
weak a2(X1r) to b2(dxy) band and a b2(X1r) to b2(dxy) band, almost indistinguishable from 
the background) with the two bands lying to higher energy corresponding to e(X0 ) to 
b2(dxy) and e(X,r) to b1 (dx2-y2)* transitions. Weak (particularly for ruthenium) central 
ion d-d bands may be observed in the near-IR region in the tetragonal complexes, 
which in terms of electron orbitals are the transitions between the e(dxz and dyz) and 
b2(dxy) orbitals, modified by spin-orbit coupling as described in the previous section. 
These two types of transitions should allow us to draw a semi-quantitative map 
reflecting energies of the metal and halide orbitals involved. If surveyed for a series of 
complexes, such mapping may reveal the influence exerted by a variety of ligands on 
the energy of the frontier orbitals in tetragonal complexes. The doubly degenerate e(dxz 
and dyz) level of the trans-[MX.tLL']z- complexes is particularly sensitive to the 
n-acceptor strength of the ligands L and L'. The dxz and dyz orbitals interact directly 
with the vacant n-antibonding orbitals of the axial ligands L and L', and therefore may 
be stabilised by n-interactions with n-acidic ligands (e.g. CO and NO+ in particular). 
At the same time the b2(dxy) orbital is orthogonal to the n-antibonding orbitals of Land 
L', hence it cannot be directly stabilised by n-interaction. The b1 (dx2-y2 ) and a 1 (dz2) 
orbitals, being effectively <1-antibonding orbitals, may be destabilised by a-interaction 
with the halides of the { MX4} plane or the axial ligands respectively. In addition, in a 
[MX.tL2JZ complex containing better electron withdrawing (n-acidic) ligands all metal 
valence orbitals will be indirectly stabilised to some extent, as the effective positive 
charge on the central ion becomes larger. The latter effect may be relayed to the halide 
* This ~gh energy ~and may be obscured, particularly in the chloride complexes, by the solvent or 
aromat.Ic counter-aruon (e.g. [BzPh3P]+) absorptions. 
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donor orbitals, however it should be attenuated, because as these orbitals lie further 
away from the central ion.4 In this light, an instructive comparison may be drawn 
between the analogous nitrile, carbonyl and nitrosyl halide complexes. Notably, the 
halide-to-metal charge-transfer (XMCT) manifold of each [MXsLJZ- complex, while 
generally retaining the same band shape, is red-shifted by roughly 5000-8000 cm-1, 
when the CO replaces the nitrile; and by a further 6000-7000 cm- 1 in the nitrosyl 
complexes. This reflects the extent of the stabilisation of the d-shell acceptor orbitals 
in relation to the halide donor orbitals in those complexes (Figure 3.2.7). -
The energies of the bands assumed as intraconfigurational d-d transitions are 
presented in the Table 3.2.2. The obvious trend is that the vd-d increases as the positive 
tetragonal field becomes greater, in accord with the increase in the Jr-acidic properties 
of the axial ligands L (Figure 3.2.6). In [RuCls(NO)]l- the d-d band is observed very 
close to the charge-transfer manifold (on the low energy side of the a2(X1r) to b2(dxy) 
band) (Figure 3.2.12). In the carbonyl analogue this band is red-shifted by almost 
2000 cm-I, while the charge-transfer bands move to the higher energy (vide supra). In 
fact, only the very stro~g tetragonal field in the carbonyl and nitrosyl complexes of 
ruthenium (where the spin-orbit coupling constant is ca. 3 times smaller than that of 
osmium) allows us to observe these weak absorptions above 6000 cm-I and they have 
not been reported before. According to this assignment, the d-d bands and the XMCT 
envelope should converge as L, L' become more Jr-acidic in the sequence RCN, CO, 
NO+. 
We have already stressed that the simplistic linear ligand additivity model for 
redox potentials does not apply to trans-[MX4LL']2- complexes containing CO and 
NO+ ligands. This is rather unfortunate as this model promises predictable E0 values 
that are simply a linear function of stoichiometry. However, direct correlation of the 
electrochemical and the spectroscopic data may provide an alternative way to 
understand and, indeed, predict the redox properties of a complex: according to 
JS?}rgensen's concept of a charge-transfer absorption being the result of an 
intramolecular one-electron redox process it should be possible to correlate (at least 
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Figure 3.2.7 Schematic energy diagram* (the map) displaying the main four 
halide-to-metal charge-transfer bands and d-d transitions in d5 tetra- and penta-halide 
complexes (C4v symmetry) of ruthenium and osmium. For simplicity, the halide donor 
levels are all presented as single orbitals . 
* All transitions into the b2(dxy) orbital result in an electron configuration with the three doubly 
occupied d-orbitals, allowing only one term in the excited state. Thus the position of a corresponding 
absorption gives us the exact measure of a gap between a donor level and the b2(dxy) orbital. However it 
is not so in the case of the e(Xn) to b1 (dx2-y2) transition (the latter is only half-occupied in the excited 
state). Therefore the energy of this absorption is only an approximate indication of the gap between 
these orbitals . 
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Absorbance (Arbitrary 
units) 
[Qs1IIC15(NO)]I-
e(a) 
30000 
Absorbance (Arbitrary units) 
20000 
cm-I 
cm-I 
A 
20000 
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Figure 3.2.8 Spectral progression accompanying anodic electro-generation of 
[OsllICl5(NO)Jl- (A) and [OsllIBr5(NO)Jl- (B) in a dichloromethane solution at 223 K 
(-50 °C) and+ 1.6 V. The featureless spectra of the starting divalent metal complexes 
were used as the background. The unusual line shape of the bromide complex 
spectrum (B) is due to the combination of both spin-orbit (Br-) and vibronic coupling. 
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Absorbance (Arbitrary units) A 
[Ru11ICI5(C0)]2-
30000 20000 
cm-I 
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[RulIICI5(N0)]1-
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Figure 3.2.9 Spectrum of [Rull1Cl5( CO) J2- (A) and the spectral progression 
accompanying anodic electro-generation of [RullICl5(NO)Jl- (B) in dichloromethane 
solution at 223 K (-50 oc) and +2.0 V. 
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Absorbance (Arbitrary units) 
e(a) 
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cm-1 
e(Jr) 
15000 
Figure 3.2.10 Spectrum of [RulIIBr5(CO)J2- in a dichloromethane solution. The e(Jr) 
to dxy CT band is split by spin-orbit coupling associated with the halide. 
Absorbance (Arbitrary units) 
e(Jr) into 
cr-antibonding 
f /dx2-y2 
30000 
i 
e(a) 
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cm-1 
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i 
d-d 
1a24 
10000 
Figure 3.2.11 Spectral progression accompanying electrochemical oxidation of 
[Ph3BzPJ [Os11Br4(CH3CN)(NO)J in an acetonitrile solution at 243 K (-30 °C) and 
+2.0 V. Arrows indicate the direction of change. The decreasing absorption above 
35000 cm-I belongs to the [Ph3BzPJ+ ion migrating from the anode compartment. 
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Table 3.2.1 Characteristic halide-to-metal charge-transfer (XMCT) bands in 
the spectra of selected C4v (D4h) halide complexes of d5 ruthenium (Ill) ( shaded cells) 
and osmium (Ill) . Most e(u)(X,J-based spectral bands are split due to the halide-
associated spin-orbit coupling. 
Band maxima (cm-1) [E (103 x M-1 cm-1)] 
a2(g)(X;,r) to ecu)(X;,r) to ecu)(Xcr) to ecu)(X;,r) to 
Complex ( data source) b2(g)(dxy) b2(g)(dxy) b2(g)(dxy) b1cg)(dx2-y2) 
[OsBr4(CH3 CN)(NO) ]O 10500 [1.00] 12200 [6.65]; 23600 [1.73] 34000 [7.85] 
(this work) 14000 [5.84] 
[OsCl5(N0)]1- (t.w.) 15200 [0.35] 19800[5.25] 29600 [ 1.55] ---
.,t' '1-· ·• . . ~: [RuCls(NO)] it (Lw.) ,, 1 10600 '[0.35] ' 15200 [6.87] 25000 [3.55] • ---
·;;:, 
[OsBr5(N0)]1- (t.w.) 10600 [1.00] 12300 [2.40]; 25800 [2.00] 32000a [6.10] 
13600 [5.45]; 
15200 [4.50]; 
17600 [1.55] 
[OsCl4(C0)2] 1- (7 ,8) 22310 [0.32] 26210 [6.14] 36000 [1.77] ---
[OsBr4(C0)2P- (7 ,8) 15930 [0.45] 18460 [6.15]; 29520 [ 1.40] 37200 [5.39] 
20100 [4.63]; 
21720 [2.15]; 
23820 [0.66] 
[ OsCl4 ( CH 3 CN)( CO)] 1- 22540 [0.42] 26040 [8.40] 35710 [2.49] ---
(7,8) 
[OsBr4(CH3CN)(CO)] 1- 15560 [0.49] 19380 [8.03]; 29910 [ 1.55] 38230 [7 .29] 
(7,8) 21400 [6.31] 
[OsCl5(C0)]2- (7,8) 23150 [0.53] 26940 [5.80] --- ---
[RuCI5(CO)J2- (tw.) • 17800 [0.39] : 21500 {7.40] 30800 [2.14] : ·-.--
.,,,,.,.,., 
[OsBrs(C0)]2- (7 ,8) 16150 [0.58] 20300 [3.60]; ca. 320ooa 37300 [ 4.97] 
23500 [1.80] 
[RnBrs(C0)]2- (t.w.) : 12680 [0.48] · 15330 (5.80]; 25100 [2.65] . 32530a {10.00] 
17450 [5.30] 
[OsCl4(ButNC)2] 1- (7 ,8) 25320 [1.20] 28570 [5.00] 
--- ---
a shoulder 
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Table 3.2.1 ( cont.) 
Band maxima (cm-1) [E (103 x M-1 cm-1)] 
Complex (data source) b2(g)(dxy) 
e(u)(X,r) to 
b 1 (g) ( d x2 -y2 ) 
-~t\Ultil U&itl9~ ,ifJig,(i~J;, ,,LGtYld "'~:~1=*1 :::;, · ), • ,-- · 
[OsBr4(ButNC)2]1- (7,8) 19370 [0.47] 21820 [6.22]; 31830 [1.21] 
23020 [4.79]; 
24880 [1.49]; 
26430 [1.13] 
[OsC15(ButNC)]2- (7,8) 22890 [0.16] 29520 [1.05] 
[OsBr5(ButNC)]2- (7,8) 20230 [0.63] 23000 [5.94]; 31830 [3.47] 
26000 [2.08] 
[OsCl4(CH3CN)2]1- . 26440 [0.48] 29910 [6.76]; 
(7,8) 30860 [6.94] 
32810[2.10] .•. 40000[8410] 
[OsBr4(CH3CN)2]1- 20360 [0.45] 23040 [5.82]; 32850 [1.76] 40 590 [13.40]; 
(7,8) 25230 [5.90] 43330 [13.14] 
~~i 2fl.tii~t!ltB~~7f gsoo~~;2Ji!; ca; 21000• .. 31600 [16.00J 
........... :··········•:t::••{1: .. J.:;••t:•s····••;;•;• ••.••.•.••.••. :.••.••.•••·.\. HMt.••.i .•_;_._ •••.••. r•_r_t_:)i_ ; .•..•.•.•.•• _:;;_ •.•. \. ····1· .··:9·_ .•. ·600·.··:· · .. · ·•.·E-.4·· •· • ...,g··· ····o···.·. ]· ··········· .... r .. ·•·· · .... • r · 
:::::(::=:::~::;:?::::;:;. ;.:,: '.;~:- . . . . :,;.: 
[OsCl5(CH3CN)]2- (7,8) ca. 30000a 32720 [6.44] 42160 [7.80] 
·~~:i~,. ~-,~~}j ~ ,;[5f~] I ,3400(} f2.02] j -- . 
[OsBrs(CH3CN)]2- (7,8) ca. 22500a 25510 [3.39]; 
27140 [3.17] 
······ )/{ . . •'\.. .......... . ···•· ..... ..... . .... . ........ · . 
[RuB~~(Ph<;~]2- (5} )\; ..-17900 [L20] · 19750 [3.aOJ; 
IF;:(;\},'.'.;.\•' .. ·. ,: ' /1. . ... 
1 
· •····· •••... 21400 [4.10] 
a shoulder 
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39900 [ 10.39] 
. · .. ·. ,r 29350 [10.201; 
.} . 31000 [10480] 
Absorbance (Arbitrary units) 
d-d band 
10000 7500 
cm-1 
Figure 3.2.12 Growing spectral progresszon zn the near infra-red regzon 
accompanying anodic electro-generation of [RulllCl5(NO)Jl- in a dichloromethane 
solution at 223 K (-50 oc) and +2.0 V. 
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Table 3.2.2 Intraconfigurational bands in the Near-IR spectra of tetragonal 
carbonyl and nitrosyl complexes of ruthenium ( III) ( shaded cells) and osmium ( Ill) . 
Complex ( source of the 
data) 
[OsCl5(N0)]1- (8) 
[OsCls(C0)]2- (8) 
[OsBr5(N0)]1- (t.w.) 
[OsBrs(C0)]2- (8) 
[OsBr4(CH3 CN)(NO) ]O 
(t.w.) 
[OsBr4(CH3CN)(CO)] 1-
(8) 
Band maxima (cm-1) 
10800 
11500 
7200 
9280 
8500 
9200 
6620 
8390 
8200 
9100 
7200 
8840 
~ ,. ·'•' 
,•, ~ '" 
/ 
. ·,f'\, ,.;, 9000 
~-
·11ii Ii;~il/ :111:;!t ... ,}i:·"·····""···,·,· ··:':'.:. .. •• ,.,,:-.:;•, ... . ·t ·:· 
. j<W? ... ;(t:: · 
£ (M-1 cm-1) 
20 
20 
35 
35 
200 
200 
20 
60 
200 
200 
50 
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qualitatively) the difference in energies of the acceptor metal d-orbitals and the donor 
halide-based orbitals, measured by means of electronic spectroscopy, with the redox 
parameters of a central ion, quantified by electrochemical experiments. Rigorously 
speaking, electronic spectroscopy measures the energy of an intramolecular electron 
transfer, which is an adiabatic process (the Frank-Condon principle), while the 
electrochemical methods provide us with thermodynamic data, since the E0 value is 
directly related to the Gibbs free energy of a redox process. Despite this significant 
distinction, there have been several successful examples of correlation of 
charge-transfer energies and electrochemical data~ Metal-to-ligand charge-transfer 
(MLCT, Mil to bipy) were found to be linked with metal-based oxidation potentials and 
ligand-based reduction potentials in a series of 2,2' -bi pyridine and related complexes of 
* An_early example of such a correlation was described by D.F. Shriver and J. Posner for a series of iron 
cyamde complexes (J. Amer. Chem. Soc. 1966, 88, 1672) 
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Figure 3.2.13 Correlation of the d5 /d6 ( III/JI) redox potentials and the Xn to dxy 
( graph A) or Xa to dxy ( graph B) halide-to-metal charge-transfer (XMCT) band 
( centres of gravity) energies for a series of tetragonal bromide complexes of osmium. 
Data are collated from references 7, 8 and this work. See Tables 3.1.1, 3.1.2 and 3.2.1. 
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Figure 3.2.14 Correlation of the d5Jd6 (////II) redox potentials and the X,r to dxy 
halide-to-metal charge-transfer band energies for a series of tetragonal chloride 
complexes of osmium. Data are collated from references 7, 8 and this work. See 
Tabfes 3.1.1, 3.1.2 and 3.2.1. 
ruthenium and osmium. 24,25 Even more pertinently, a linear correlation between 
chloride-to-metal charge-transfer (XMCT) energies and E0 (IV /III) reduction potentials 
was established for a series of 3dn and 4dn transition metal hexahalides. 4 In this work 
we have attempted to find a similar correlation for a range of tetragonal complexes of 
ruthenium and osmium, all containing the { MX4} chromophore. 
None of the III/II couples observed for tetragonal complexes hitherto lies 
positive of +0.3 V for osmium (Table 3.1.1), making the overall range of determined 
E0 only 1.6 V. The E0 span is even smaller for ruthenium, at 1.2 V. The newly studied 
nitrosyl complexes show by far the most positive III/II couple, providing a significant 
increase of the range of redox potentials (and complementary red-shift in the XMCT 
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Figure 3.2.15 Correlation of the d5 /d6 ( I/Ill]) redox potentials and the Xn to dxy 
halide-to-metal charge-transfer band energies for a series of tetragonal chloride 
complexes of ruthenium. · Data are collated from references 4, 5, 6, 22 and this work. · 
See Tables 3.1.1, 3.1.2 and 3.2.1. 
envelope) recorded for such complexes. Figures 3.2.13 - 15 make this impact quite 
tangible. It is also important to point out that some of the metal (III) complexes under 
examination bear a different overall charge: e.g. [ 0 s Br 4 (CH3CN)(NO)]O, 
[OsBrs(NO)]l-, [OsBrs(C0)]2-, and this clearly has not undermined the correlation. 
According to Heath and Duff,4 we can ascribe a notional redox potential, 
E(X01-), to the halide donor level, such that the energy of the ligand-to-metal 
charge-transfer can be expressed as follows: 
hVxMCT = a[E(Xo'-)- E(MIII/ll)] [1] 
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Here a. is a proportionality constant (in e V N), which should exceed unity since the 
transfer of an electron produces a non-equilibrated excited state possessing additional 
vibrational energy. 26 One way of estimating the value of a. is to compare pairs of 
strictly analogous complexes of two or more different metals (e.g. ruthenium and 
osmium in exactly the same ligand environment). In this case, to a reasonable 
approximation, the non-bonding donor tr-orbitals of the halide ligands would retain the 
same energy (and the same E(XOI-) value), while the metal-centred d5/d6 couple will 
change significantly from one complex to the other. 
Then, hVXMCT (Rulli) = -a. E(Rulll/ll) + C [2] 
and 
hVXMCT (Os1II) = -a. E(OsIII/II) + C [2'], 
with the common term C = a. E(XOI-). Accordingly, the difference 1n the 
charge-transfer energies will be: 
hVxMCT (Os1II) - hVXMCT (Ru1II) = a. {E(RuIII/l1) - E(OsIII/11)} [3] 
Using the data from Tables 3.1.2, 3.1.3 and 3.2.1, the a. parameter may be calculated 
according to formula [3]. For example, for trans-[MCl4LL'J2- complexes, where M = 
Ru or Os, on this basis a. varies from 1.13 eV/V (L = L' = CH3CN) to 1.46 eVN 
(L = No+, L' = Cl). Of course, this is only an estimate, and a wider range of metals is 
required for more accurate determination of the value of a.. However these values are 
quite close to 1.31 e V N, which was determined previously from a series of transition 
metal hexahalides. 4 Yet it should be emphasised that the a. parameter is determined by 
the underlying vibronic coupling and there is no theoretical requirement for it to take 
the same value in a range of complexes with widely different electronic properties. 
To summarise, a plot of VXMCT versus E0 (MIIIIII) yields a linear graph for each 
set of complexes ( chloro- and bromo-complexes of osmium and chloro complexes of 
ruthenium, Figures 3.2.13 - 15). If the observed shifts in the VxMCT had reflected 
merely the degree of stabilisation of the metal d-orbitals (in other words, if E(XOI-) had 
remained constant for all complexes), the slope of such a graph, according to formula 
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[2], would have had a value equal to a (i.e. between -8066 and -12100 cm-1/V, due to 
1.0 <a< 1.5 eV/V). However it is important to bear in mind that, as we mentioned 
earlier, the build-up of the positive charge on the central ion due to interaction with 
different n-withdrawing ligands L stabilises all of the frontier electron levels in a 
molecule. Naturally, the metal orbitals are the most affected, but evidently the halide 
donor orbitals should also be systematically stabilised to a substantial extent. 
Therefore, rather than remaining constant, E(XOI-) is expected to increase concurrently 
with E0 (MIII1II), though at a slower rate. Under these circumstances we have to return 
to formula [1]. The resulting slope of VxMcT versus E0 (MIIIIII), which is roughly 
0.5 e V N, confirms that this is the case (Table 3.2.3). 
40000 cm-1 
30000 
20000 
a Ru 
+ Os 
10000-+--~--~--~---~---~---~---~~------. 
-2 
-1 0 1 2 
E0 (III/II), V 
Figure 3.2.16 XMCT versus redox potential correlation graphs for the tetragonal 
chloride complexes of ruthenium and osmium ( Figures 3.2.14-15 ). The line for 
ruthenium is ca. 2500 cm-1 lower. 
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Table 3.2.3 Gradients of the plots of the halide-to-metal charge-transfer 
(XMCT) energies vs. E(MIIIIII) for the different tetragonal [M111X4LL Jz· systems 
(Figures 3.2.12-14). 
Gradient 
Metal M Halide X Type ofXMCT 
cm·1N eVN 
Os Br Xato dxy -3450 -0.43 
Os Br X,r to dxv -4300 -0.53 
Os Cl X1r to dxy -4600 -0.58 
Ru Cl X,r to dxv -4800 -0.59 
Joint analysis of the spectroscopic and electrochemical data reveals the 
behaviour of the metal/ ligand frontier orbital domain.4 Let us consider the tetragonal 
osmium bromide complexes. In order to simplify the arithmetic, we set a= 1 eVN.* 
Such an assumption does not undermine our qualitative description of the system. 
Then, summation of promotion energies (hvxMcT) and redox potentials E(MIIl/11), both 
expressed in eV, gives us the trend in ionisation energies E(XOI-) for the halide donor 
levels: 
E(XOI-)= hVXMCT + E(MIIl/ll) [3]. 
This may be applied to both ecu)(tr) to dxy and ecu)( a) to dxy charge-transfer transitions, 
as shown in Figure 3.2.17. 
Figure 3.2.17 displays the relationship of the metal and halide orbitals involved 
in the LMCT transitions in a series of the complexes [OsBr4LL'Jz- as a function of the 
central ion Oslll/II redox potential (horizontal axis). The vertical axis represents the 
d516 , X1rOI- and XaOI- notional oxidation potentials, which means that the top straight line 
* In other words, we assume that the energies of the spectral bands are equal to the energy differences 
between the zero-points of the ground and excited states, so that reorganisation energy is nil. 
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is simply the graph of E(OsIII/II) versus itself and depicts the progressive stability of the 
metal-based HOMO. The other two lines show the dependance of the notional 
oxidation potentials E(BrOI-) of the donor halide er- (the bottom line) and tr-orbitals (the 
middle line) on the E(OsIIIIII) value. The greater the metal-centred oxidation potential, 
the lower the energy of each orbital . Overall, the map shows that the halide er-orbitals 
lie to lower energies than the tr-orbitals, and are affected more sharply by the 
accumulation of the positive charge on the metal, reflected by the E0 (0sIII1II) values. 
This is not unexpected, as the er-electron pairs are directed towards the metal centre. 
Notional 
redox 
potentials 
(eV) 
-2 
/l. E ( Os ill/II ) 
-1 + E(Br1c°1-) 
D E(Br cr01-) 
0 
Br7Cto Os CT 
+1 
+2 Brcr to Os CT 
+3 
+4 
+5-+-~--.~~--~~--~---~~---~--~~---~---4 
-2 
-1 0 
increasing stabilisation of 
the frontier orbital domain 
1 2 
E0 III/TI (V) 
Figure 3.2.17 Qualitative diagram showing behaviour of the frontier orbital domain 
in tetragonal osmium bromo-complexes [OsBr4LL 7z-. The diagram shows the 
relationship between the metal redox-active orbital and the bromide er- and tr-orbitals 
as afanction of E0 (0s) Ill/II as described in the text. 
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Bursten and Green have commented that: "the use of electrochemistry as a 
probe of ligand additivity rests most heavily on the linear relationship between HOMO 
energy and oxidation potential. "27 The observed linear correlations between XMCT 
and E0 III/II values show that a linear HOMO - oxidation potential relationship holds 
throughout the family of halide complexes discussed in this chapter. Notably, this 
applies even to the carbonyl and nitrosyl complexes, even though their redox properties 
could not be predicted by the simplistic ligand additivity model (section 3.1; 
.;i, 
Figure 3.1.2).9,10 
Finally, let us revisit the issue of the m1ss1ng optical data for the 
[Rul11Br5(NO)] 1- species. As mentioned earlier, the divalent [RuIIBr5(N0)]2- species 
cannot be reversibly oxidised. Its chemically irreversible oxidation occurs at+ 1.52 V 
(the position of the anodic peak). This value, being similar to that of the chloro 
analogue, is likely to be close to the correct thermodynamic E0 (RuIIIIII) value. 
However, the irreversibility of the process does not allow us to determine the exact 
E0 (RuIII/II) value, or characterise the RuIII monoanion complex . Nevertheless, it is 
possible to predict the position of the principal XMCT band in the context of the 
spectroscopic data (Table 3.2.1) available for related carbonyl and nitrosyl complexes. 
Let us first compare pairs of strictly analogous carbonyl and nitrosyl trivalent 
complexes (Table 3.2.4). The bathochromic shift associated with the substitution of 
CO by NO+ (vide supra) ranges from 7290 to 6300 cm-1. If the same shift is applied to 
the spectrum of [RuBr5(CO)J2- species, we would get a value for the principal XMCT 
band energy of the hypothetical "[Ru IIIBr 5 (NO) ]1-" species between 9100 and 
10090 cm-1. 
Another estimate comes from relating the spectroscopic data of chloro 
complexes to those of their bromo analogues. As the bromide frontier orbitals ( 4p) lie 
to higher energy than those of chloride (3p ), the substitution of chlorides by bromides 
causes a bathochromic shift of the XMCT spectra of analogous species. For the 
principal absorption this red-shift varies from 5040 to 6250 cm-1 (Table 3.2.5). This 
gives us the principal XMCT band energy of the same hypothetical "[RuII1Br5(N0)]1-" 
species between 8950 and 10160 cm-1. 
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Table 3.2.4 Comparison of the principal XMCT band energies in pairs of 
analogous carbonyl and nitrosyl d5 complexes. Data from Table 3.2.1. 
Complex Centre of gravity of the ~ (cm-1) 
principal (e(X1r) to b2(dxy)) 
band (cm-1) 
[OsBr4(CH3CN)(NO)]O 13100 7290 
[OsBr4(CH3CN)(C0)]1- 20390 
[OsCls(NO)J1- 19800 7140 
[OsCl5(CO)J2- 26940 
[OsBr5(NO)J 1- 14670 7230 
[OsBrs(CO)J2- 21900 
[RuCl5(N0)]1- 15200 6300 
[RuCls(CO)J2- 21500 
11 [RuBr5(N0)]1- 11 unknown unknown 
[RuBr5(CO)J2- 16390 
Table 3.2.5 Comparison of the principal XMCT band energies in pairs of 
analogous chloro and bromo d5 complexes. Data from Table 3.2.1. 
Complex Centre of gravity of the ~ (cm-1) 
principal (e(X1r) to b2(dxy)) 
band (cm-1) 
[OsCl5(NO)J 1- 19800 5130 
[OsBrs(NO)]l- 14670 
[RuCl5(N0)]1- 15200 unknown 
11 [RuBr5(N0)]1- 11 unknown 
[OsCl5(CO)J2- 26940 5040 
[OsBrs(CO)J2- 21900 
[RuCl5(C0)]2- 21500 5110 
[RuBrs(CO)J2- 16390 
[OsCl4(CH3CN)2] 1- 30380 6250 
[OsBr4(CH3CN)2J1- 24130 
[RuCl4(PhCN)i]1- (ref. 5) 24110 5560 
[RuBr4(PhCN)i] 1- 18550 
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Table 3.2.6 Comparison of the principal XMCT band energies in pairs of 
complexes. Data from Table 3.2.1. analogous d5 osmium and ruthenium 
Complex Centr e of gravity of the 
al (e(X,r) to b2(dxy)) pnncip 
band (cm-1) 
[OsCls(NO)]l- 19800 4600 
[RuCls(NO)]l- 15200 
[OsBrs(NO)]l- 14670 unknown 
"[RuBr5(N0)]1-" unknown 
[OsCls(C0)] 2- 26940 5440 
[RuCls(C0)]2- 21500 
[OsBrs(C0)]2- 21900 5510 
[RuBrs(C0)]2- 16390 
[OsCl4(CH3CN)2] 1- 30380 5660 
[RuCl4(CH3CN)2] 1- 24720 
Thirdly, we can examine th e effects from comparison with the isostructural 
o-metal charge-transfer spectra of the osmium 
These hypsochromic shifts are between 4600 and 
gives us principal XMCT band energy for 
d 10070 cm-I. 
osmium complexes. The halide-t 
complexes are always blue-shifted. 
5660 cm-1 (Table 3.2.6). This 
"[RuIIIBr5(N0)]1-" between 9010 an 
All three independent tests g 
that the principal bromide-to-met 
"[RuIIIBr5(N0)]1-" species would 
ave us quite similar results, thus we may conclude 
al charge-transfer transition in the hypothetical 
be around 10000 cm-I or even less. This is ca. 
5000 cm-1 ( around 30 % ) lower than the lowest XMCT band so far found in this class 
of complexes (vide supra). The s mall gap between the halide e(X,r) and the metal 
b2(dxy) orbital appears consistent with the low stability of the ruthenium halide 
complexes: for example, the [RuII1Cl5(N0)]1- complex, which has the corresponding 
transition at 15200 cm-1, is very unstable at temperatures above 233 K. This proximity 
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of the halide and metal electron levels apparently makes the thermal ( or 
photochemical) decomposition of the complex more thermodynamically favourable, 
particularly bearing in mind that such decomposition might involve a transfer of an 
electron from metal (III) to the halide array with subsequent formation of a free 
halogen: 
The non-existent [Rull1Br4(CH3CN)(NO)]O and [RuilIBr4(Py)(NO)]O complexes 
would have had even smaller bromide-to-metal charge-transfer energy. Hence, they 
would have been even less stable than their penta-bromo analogue. 
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3.3 Experimental 
3.3.1 Electrochemical measurements 
Electrochemical measurements and electrosyntheses were carried out in 0.5 M 
[Bun4N]BF4 solution in CH2Cli or 0.2 M [Bun4N]BF4 solution in CH3CN. The 
electrolyte, [Bun4N]BF4, was prepared as described in section 2.4.2. Dichloromethane 
was pre-dried over KOH pellets before distilling from CaH2 immediately prior to an 
electrochemical experiment. Acetonitrile was purified by the method described by 
Walter and Ramaley:28 in succession, analytical grade acetonitrile was heated at reflux 
over, then distilled from (a) anhydrous AlCh, (b) alkaline KMn04, (c) KHS04 and (d) 
finally distilled from CaH2 immediately prior to use. 
Cyclic voltammetry (CV) and alternating current voltammetry (acV) 
measurements were carried out using a PAR-170 Electrochemical system, linked to an 
XY-recorder or, where appropriate, to a Macintosh LC630 computer via an 
AD Instruments Mac Lab interface system. A standard three-electrode configuration 
was used. The working_ ~lectrode was a platinum disc or a bead, and a platinum rod 
was used as the auxiliary electrode. The reference electrode was a Ag/ Ag Cl electrode 
(Metrohm), separated from the solution by two porous glass frits. The internal 
compartment of the reference electrode was filled with ·0.05 M [Bun4N]Cl I 0.45 M 
[Bun4N]BF4 in CH2Cli (0.05 M [Bun4N]BF4 for CH3CN). The external compartment 
was filled with the standard electrolyte solution, 0.50 M [Bun4N]BF4 in CH2Cl2 (or 
0.10 M in CH3CN). Under these conditions ferrocene was oxidised at +0.55 V. 
Typical scan rates were 200 m V /s for CV and 10 m V /s for ac V. The latter were 
recorded with positive feedback resistance compensation and phase-sensitive detection. 
The sinusoidal modulation was set at 10 m V and the frequency w = 205 Hz. 
The electrochemical cell was a jacketted glass cell (ca. 5 mL). The electrolyte 
solutions were purged with either N2 or Ar and the cell maintained under an inert 
atmosphere. Low-temperature measurements were performed with the jacketted glass 
cell connected to a Lauda RL6 cooling bath with circulating methanol. The 
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temperature was monitored to within 0.2 °C by a digital thermometer with the probe 
located directly in the electrochemical solution. 
Bulk electrolysis was performed using a jacketted three-compartment cell, with 
a platinum mesh basket working electrode, double-fritted non-aqueous Ag/AgCl 
reference electrode and platinum wire counter electrode separated from the bulk 
solution by two glass frits. 
3.3.2 Spectro-electrochemistry 
The electrolyte ([Bun4N][BF4]) and solvents (CH2Cli or CH3CN) used 
in the spectro-electrochemical experiments were prepared as described previously. 
Solutions for spectro-electrochemical experiments were made up as for other 
electrochemical experiments, i.e. 0.5 M [Bun4N][BF4] in CH2Ch. 
Electronic spectra in the range 50000 - 3125 cm-1 were recorded using a 
Perkin-Elmer A.9 double-beam UV/Vis/near-IR spectrophotometer with digital 
background subtraction capability. The spectra of electro-generated species were 
collected in situ, by th~ use of an optically transparent thin layer-electrochemical 
(OTTLE) cell,29 with a platinum minigrid as working electrode (ca. 7 0 o/o 
transmittance), mounted within the sample compartment of the spectrophotom~ter. 
The cell placed in the reference beam was of similar profile, and contained a matching 
section of platinum minigrid. The OTTLE cell had been calibrated to determine its 
optical pathlength (0.0279 cm) by recording the spectrum of a solution of known 
concentration of K3Fe(CN)6, The sample solution was prepared, purged with either N2 
or Ar and transferred via syringe into the sample cell. The working, auxiliary and 
reference electrodes were added to the sample cell and connected to a Thompson 
E-series Ministat potentiostat. During a typical experiment the cells (sample and 
reference) were cryostatted in gas-tight, double-glazed PTFE cell blocks, enabling both 
the cells and their contents to be cooled by cold N2 gas. The N2 gas was chilled by 
passing it through a copper coil immersed in liquid nitrogen. The temperature of the 
N 2 gas was controlled automatically by a resistive heater, driven by a Bruker variable 
tamperature unit VT-1000. The electrolysis was typically carried out at a potential 
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200 - 300 m V past the relevant E0 value, and continued until the spectrum ceased to 
change and the current decayed to a constant minimum. After completion, the 
potential was usually reset and the spectrum of the starting complex regenerated. The 
observation of sharply defined isosbestic points and the full regeneration of starting 
spectra, without substantial loss or gain of any features, were taken as evidence for 
chemical reversibility for the observed process. 
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Chapter4 
Six-Coordinate Acetylacetonates of Ruthenium and 
Osmium: Spectro-Electrochemical Investigations 
The preceding chapter explored how the electronic properties of the trans-[MX4,LL 7z-
complexes of ruthenium and osmium vary when different ligands UL' are introduced. 
The bis-acetylacetonates discussed here have an important similarity with the tetra-halide 
complexes: they contain a fixed array of four n-donor atoms (oxygens) and two ligands 
Land L~ which may be either n-acceptors ( e.g. PR3 or CO) or n-donors ( e.g. Cl). In 
this chapter we examine the role that various ligands L play in defining electronic 
properties of these complexes in contrasting cis and trans geometries. 
4.1 Preliminary Remarks 
The tris-,8-diketonato complexes of ruthenium Ru(,8-diketonate h have been the 
subject of quite extensive synthetic and electrochemical study .1 ,2 R.H. Holm and 
G.S. Patterson,3 and subsequently G.P. Sato and co-workers4,5 have established that 
the E0 (I1I/II) values of such compounds form a linear relationship with the sum of 
Hammett constants6 ( Om and Op) of the substituents in the ,8-diketonato moiety. It was 
demonstrated that there is a linear relationship between ligand composition and E0 (III/II) 
values in complexes containing different ,B-diketones 7 ,8 or a combination of 
2,2' -bipyridine ligands and ,B-diketones.9 K.R. Seddon and co-workers discovered a 
linear correlation of the solution E0 (III/II) values with vertical first ionisation energies in 
the gas phase for a number of volatile Ru(,8-diketonate h complexes. Io 
Until the most recent years, the general chemistry of ruthenium 
bis-,8-acetylacetonates [Ru(acac)iLL'] (Figure 4.1.1) remained surprisingly little studied, 
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and only a few of them were known: for example, cis-Ru(acac)2(C0)2 and 
cis-Ru(acac)2(PPh3)2, where Hacac = HC3C(O)CH2C(O)CH3. These complexes were 
prepared by interaction of a ruthenium carbonyl cluster11 (Ru3(C0)12) or a phosphine 
complex 12 (RuCh(PPh3)3) respectively with acetylacetone. The two starting materials 
used in the syntheses are, of course, very different compounds, therefore these 
preparations could not provide a paradigm of developing a general method leading to a 
greater variety of six-coordinate bis-fi-acetylacetonates. This opportunity emerged in 
1988-1990, when novel routes to lower symmetry bis-=,8-diketonato complexes of 
ruthenium were developed: a) by reduction of the corresponding tris-,8-diketonato-
ruthenium(III) by zinc amalgam in presence of incipient ligand13; b) by direct reaction 
between a tris-fi-diketonato-complex and incoming ligands in presence of strong acids. 14 
The first route leads to complexes of divalent ruthenium, while the second yields 
ruthenium(III) complexes (cis-[Rullllll(,8-diketonate )2L2]1+IO). Originally only the 
complexes with L = CH3CN were prepared; however, subsequently the "zinc amalgam" 
method was successfully utilised for preparation of a considerable number of the 
cis-Rull(acac)2L2-type complexes.15,16 One of these species (L = cyclooctene) proved 
to be a convenient starting material for the ligand LIL' exchange reactions, which 
provided a route to a number of novel trans-isomers.15 It is noteworthy that the only 
other known route to the trans-isomers is via reductive substitution of chloride ligands in 
the [AsPl4] trans-[Ru1II(acac)2Ch] complex,17 which, in our experience, is not an easily 
prepared compound. These recent developments in synthesis enabled us to carry out an 
electrochemical and spectroscopic study of a wide family of ruthenium bis-fi-diketonates, 
in collaboration with Professor M.A. Bennett and his research group. 
Osmium acetylacetonates, unlike ruthenium ones, have not been systematically 
studied hitherto. The complex Oslll(acac)3 was first synthesised18 by F.P. Dwyer and 
A.M. Sargeson in 1955: 
HBr, Ag (wool) 
room temp. 
OsII1( acac) 3 
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The complex cis-Os(acach(PPh3)2 was prepared by refluxing Osl4(PPh3)3 with 
acetylacetone in toluene.19 Synthesis of both cis- and trans-isomers of the 
OslY(acac)2X2 complex (X = Cl or Br) was reported20 by W. Preetz and H. Petersen 
in 1979: 
H20, Hacac (1:1, v:v) 
The isomers were separated chromatographically and characterised by electronic and 
vibrational spectroscopy . 
The tetravalent osmium trans-isomer was also prepared by an alternative way 
(from Os2(µ-02CCH3)4Cl2) and characterised by room temperature CV in 1983.21 
L 
L' 
L' 
Figure 4.1.1 Structural formulae of the cis and trans M( acac hLL' species. 
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4.2 Synthetic Procedures 
The majority of the syntheses of the bis-acetylacetonato complexes of ruthenium* 
were carried out by Mr H. Neumann (the group of Professor M.A. Bennett, R.S.C.). 
Two methods have been normally used: 
1) Reductive substitution of Ru( acac) 3 with an excess of incoming ligand L 
Zn/Hg L 
The complexes prepared by this method are always of cis configuration (except when 
L = N(CH3)3). The complex with L = cyclooctene provides a starting material for the 
second method. 
2) Substitution reaction of cis-Ru( acac)i( cyclooctene)2 with the equivalent amount of 
incoming ligand L 
L 
cis-Ru( acac) i( cyclooctene )2 
The reaction should be carried out at room temperature or with cooling, as most 
trans-isomers undergo trans I cis isomerisation upon warming. A number of 
trans-isomers have been synthesised by this method ( except for L = CH3CN; this 
complex was prepared according to the method reported by H. Taube and 
co-workers17). This method also allows to prepare some cis-[Ru(acac)(cyclooctene)L]-
type complexes (L = NH3, CH3CN or SbPh3) by using only one mole of the entering 
ligand per mole of starting compound. 
All complexes prepared by Mr H. Neumann were characterised by elemental analysis 
and IR and NMR spectroscopy. 
A sample of Osl1I(acac)3 was provided by Dr Grainne Moran (University of 
N.S.W.). The preparation21 of trans-[OslY(acac)2Cli] was carried out by Dr Stephen 
Gheller (R.S.C.). 
* The author has carried out syntheses ( or electro-generation) of the complexes of the 
trans-[Ru(acac)i(CH3CN)nCI2-nJ2 series (see section 4.5), where n = 0-2; a representative synthesis of 
cis-[Ru(acac)i(CH3CN)2]. 
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Proton NMR spectroscopy provides an effective tool for discrimination between 
the cis and trans-[RulI(acac)iLL']-type complexes. The more symmetric trans-isomers 
(for both L2 and L, L') display only one acac methyl resonance, while the cis-isomers 
show two in case of [Ru(acachL2] stoichiometry (Figure 4.2.1) and four in case of 
[Ru( acac hLL']. 
aromatic protons 
8 
aromatic protons 
6 
• trans isomer 
solvent 
methine proton 
4 
• • czs1somer 
methine proton 
solvent 
6 4 
2 
methyl 
protons 
ppm 
methyl protons 
2 ppm 
Figure 4.2.1 Proton NMR spectra of cis and trans isomers of [Rull( acac)2(AsPh3) 2] 
in CD2Cl2. 
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4.3 Electrochemical Study of Ruthenium bis-Acetylacetonato Complexes: 
Comparative Electrochemistry of the cis- and trans-Isomers* and Ligand 
Additivity 
As we have already mentioned, a few complexes of the cis-Ru11(acac)2L2 or 
cis-Rull(acach(L-L) (L-L is a bidentate ligand, e.g. bipyridine) type have been studied 
previously.15,16 As part of this work, an array of trans isomers has been prepared. 
Since the range of bis-acetylacetonato complexes available for study has increased both in 
number and variety, we have carried out an electrochemical and spectro-electrochemical 
investigation of these novel ruthenium compounds. 
As described in the introductory chapter (Ch. 1), a number of theoretical models 
treating the additive effects of ligands in the transition metal complexes have appeared in 
the literature.22 One of the latest models, proposed by A.B.P. Lever,23 utilised ligand 
parameters EL to predict the redox potentials of a very wide range of six-coordinate metal 
complexes containing any permutation of some 200 ligands, including acetylacetonate, 
using the equation: 
where SM and IM are constants for a specific redox couple (e.g. RuIIIfRull) and Cref is a 
reference electrode correction term (i.e. difference between the reference electrode used 
and NHE). The EL (Table 4.3.1) parameter was defined for an individual ligand L as 
one-sixth of the E0 (III/II) value versus NHE for the homoleptic RuL6 (or Ru(L-Lh in 
case of bidentate ligand) species.** Lever wrote: "A standard parameter set should ... be 
largely independent of isomerism ( cis/trans, mer/Jae, etc.)." In the same work it was 
also suggested that " ... within the ruthenium data set, cisltrans, mer/Jae iso~ers, etc. 
usually have essentially the same potential...", while " ... it is not generally true for 
organometallic species, where such differences may be 0.1- 0.2V." The extent of the 
present family of cis- and trans- ruthenium bis-,8-acetylacetonates gives us an opportunity 
* Also see Appendix 1. 
** As homoleptic RuL6 complexes are not available for many ligands L, the majority of the EL values 
were derived from a series of 2,2'-bipyridine complexes ([Ru(bipy)nL6-2n]m+). 
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Table 4.3.1 Lever's parameters EL (in Volts)23 for the ligands used in the 
present study. Bidentate ligands contribute twice the listed EL value to I:,EL· 
Ligands EL(V) 
chloride (Cl-) -0.24 
2,4-pentanedionate ( acety lacetonate) -0.08 
1,2-diaminoethane ( ethy lenediamine) o.o6a 
ammonia (NH3) 0.07b 
pyridine (C5H5N) 0.25 
trimethylphosphine (P(CH3)3) 0.33 
triethylphosphine (P(C2H5)3) 0.34 
acetonitrile (CH3CN) 0.34 
tert-butylisocyanide (ButNC) 0.36 
1,2-bis( dipheny lphosphino )ethane ( dppe) 0.36 
methyldiphenylphosphine (PCH3Ph2) 0.37 
triphenylstibine (SbPh3) 0.38 
triphenylarsine (AsPh3) 0.38 
triphenylphosphine (PPh3) 0.39 
trimethyl phosphite (P(OCH3)3) 0.42 
carbon monoxide (CO) 0.99 
to check these suggestions and to determine how successfully Lever's Linear ligand 
additivity model can be applied to such complexes. 
All the studied [Ru( acac )iLL']z± complexes display a one-electron fully reversible 
III/II couple (for example, see Figure 4.3.1).* These results are presented in Tables 
4.3.2 - 4.3.3. It is evident that the 111/11 couple is strongly dependent on the 
a This EL parameter substitutes for the missing EL of the analogous (CH3)2NCH2CH2N(CH3)2 ligand 
(TMEDA). 
b This EL parameter substitutes for the missing EL of the analogous N(CH3)3 ligand. 
* Voltammograms were routinely recorded under the conditions described in the previous chapter. 
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donor/ acceptor properties of the ligands LIL' and also on the ligand arrangement in the 
complex (where both cis and trans isomers are available). The E0 (III/II) values range 
from +1.10 V (cis-isomer L = CO, L' = PPh3) to -0.95 V (trans-isomer 
L = L' = Cl). As one would expect, the n-acceptor ligands (e.g. CO and phosphines) 
render the oxidation potentials more positive. At the same time, complexes containing 
amines (neither n-donor, nor n-acceptor ligands) or chlorides (n-donor ligands) display a 
far less positive III/II couple. In addition, some of the complexes show a 
voltammetrically accessible, though not always reversible IV/III oxidation-(Table 4.3.4). 
The observed IV /III couples are far more positive than unity, with the single exception of 
the trans-[Rulll(acac)iCl2J1- species. 
In 1980 J. Chatt, CJ. Pickett and co-workers24 showed that polarisability and 
electron richness of a particular binding site are crucial in determining ligand effects in a 
complex. The polarisability of a binding site depends on a number of factors including 
its geometry. Therefore, the same ligands in cis and trans isomers may exert a different 
influence on the properties of the central ion. Indeed, comparing III/II couples of the 
bis-acetylacetonato complexes, one notices the cis isomers are always harder to oxidise 
than the trans, although this difference can be as little as 0.05 V or as large as 0.49 V. 
As early as 1957 Chatt and Ahrland measured redox potentials of some systems of the 
type L2PtlVCl4/L2PtIIC12 (L = a phosphine) and observed that the cis-isomers have 
slightly more positive oxidation potentials. 25 In a series of transition metal complexes 
[M(C0)2(dppe)2]2+ cis and trans isomers (M = Mn, Cr, Mo, W; z = 0, 1, 2) were 
found to have unequal oxidation potentials. 26 
Likewise B.E. Bursten and co-workers observed a difference of 0.16 V in 
redox potentials of the cis/trans-[Mn(C0)2(CNCH 3 )4 ]1+ isomeric pair.27 The 
rationalisation of this observation was provided by direct application of Angular Overlap 
model (AOM) as follows: in the cis isomer the HOMO (redox dn orbital) is stabilised by 
a n-interaction with one strong n-acid (CO), while in the trans isomer no such direct 
interaction occurs. This idea was later generalised by B.E. Bursten, who proposed a 
"ligand additivity" model.22,28 This model assumed that for a binary system [MLnL' 6-nJ 
the energy of each dn orbital is linearly dependent on: a) the number of ligands of each 
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Table 4.3.2 IEL (Table 4.3.1) and observed E° Ill/II redox potentials of 
these Ru( acac)2LL' complexes for which both cis and trans isomers have been isolated. 
See also Table 4.3.3 overleaf 
L L' LEL vs Geometric E0 III/II vs ~ E0 (V) 
NHE (V) isomer Ag/AgCl (V) 
C5H5N C5H5N +0.18 ClS +0.01 0.05 
trans -0.04 
CH3CN CH3CN +0.36 ClS +o.24a 0.12 
trans +0.12 
P(CH3)3 P(CH3)3 +0.34 ClS +0.26 0.26 
trans 0.00 
AsPh3 AsPh3 +0.44 ClS +0.34 0.19 
trans +0.15 
PPh3 PPh3 +0.46 ClS +o.37a 0.30 
trans +o.07a 
PCH3Ph2 PCH3Ph2 +0.42 ClS +0.37 0.33 
trans +0.04 
P(OCH3)3 P(OCH3)3 +0.52 ClS +0.70 0.48 
trans +0.22 
ButNC ButNC +0.40 ClS +o.74a 0.49 
trans +o.25a 
co P( cyclohexy 1)3 - ClS +0.92 0.28 
trans +0.64 
co PPh3 +1.06 ClS +1.10 0.34 
trans +0.76a 
a This electrochemical measurement was originally carried out by Lynne Wallace (ref. 16) and repeated in 
the present work. 
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Table 4.3.3 IEL (Table 4.3.1) and observed E° III/II redox potentials of 
Ru( acachLL' complexes, for which either a cis or trans isomer has been isolated. See 
also Table 4.3.2 on the previous page. 
L L' I.EL vs Geometric E0 IIIm vs 
NHE (V) isomer Ag/AgCl (V) 
co AsPh3 +1.05 ClS +1.05 
Cyclooctene Cyclooctene - ClS +o.77a 
Cyclooctene SbPh3 - ClS +0.44 
Cyclooctene CH3CN - ClS +0.44 
SbPh3 SbPh3 +0.46 ClS +0.39 
Ph2PCH2CH2PPh2 (dppe) +0.40 ClS . +0.32a 
Cyclooctene NH3 - ClS +0.23 
P(C2Hs)3 P(C2Hsh +0.36 trans -0.13 
N(CH3)3 N(CH3)3 -0.18 trans -0.20 
(CH3)2NCH2CH2N(CH3)i (TMEDA) -0.20 ClS -0.35 
Cl CH3CN -0.22 trans -0.42 
Cl Cl -0.80 trans -0.95 
a data from ref. 16 
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lOµA 
+1.0 
• 
ClS 
+0.5 
V 
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Start 
0 
Figure 4.3.1. CV (top) and acV (bottom) of cis and trans-Ru(acac)2(PCH3Ph2)2} in 
similar concentrations in dichloromethane at 235 K. 
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Figure 4.3.2 Qualitative diagram showing the stabilisation of the fully occupied metal 
t2g-subshell (the electrons are not shown) by direct n-interaction with n-acidic ligands L 
in cis and trans [Ru( acachL2J complexes (the acac ligands are omitted). In the cis isomer 
the HOMO level is doubly degenerate ( dxy and dyz), Each of these two orbitals is 
involved in n-interaction with one of the ligands L. On the contrary, in the trans isomer 
the HOMO ( dxy) does not directly interact with the ligands Las it is orthogonal to their 
orbitals of n symmetry. Therefore in cis d6 systems the HOMO level is more sens.itive 
to the n-acceptor strength of the ligands L. 
type in the complex on the whole (n and 6-n; n = 0 - 6), and b) on the number of 
ligands of each type involved in direct n-interaction with this particulardn orbital* (xi 
and 4 - Xi , as each of the three dn orbitals interacts with four ligands). According to 
Bursten, the energy of ith dn orbital is given by: 
£; = a0 + nbL + (6 - n)bL' + xicL + (4 - x;)cL', 
where a0 is a characteristic constant of the metal ion in a particular oxidation state; bL and 
bL' are constants describing the overall isotropic energetic effect upon the central ion of 
* Lever's model (ref. 23) ignores the latter contribution. 
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Table 4.3.4 IEL (Table 4.3.1) and observed E° (!Villi) redox potentials of 
the Ru(acachLL' complexes. 
L L' LEL vs Geometric E0 IV/III vs 
NHE (V) isomer Ag/AgCl (V) 
Cl Cl -0.80 trans +0.97 
(CH3)2NCH2CH2N(CH3)2 (TMEDA) -0.20 ClS +1.60 
P(C2Hsh P(C2Hsh +0.36 trans +l.60a 
N(CH3)3 N(CH3)3 -0.18 trans +l.62 
P(CH3)3 P(CH3)3 +0.34 trans +l.65a 
CsHsN CsHsN +0.18 ClS +l.65 
trans +l.68 
AsPh3 AsPh3 +0.44 trans +l.74 
CH3CN CH3CN +0.18 trans +l.88 
binding to ligands L and L'; cL and cL' are constants describing the effect of direct 
Jr-covalent interaction of the ith dn orbital with ligands Land L' respectively. Constants 
cL and cL' are therefore measures of the relative Jr-donor/ acceptor properties of the ligand 
Land L'. 
Let us apply this model to the present family of bis-acetylacetonato d6 complexes 
of ruthenium. The qualitative energy diagram for the dn orbitals in these complexes is 
shown in Figure 4.3.2. The energy of the Rull HOMO, which determines the d5/d6 
(III/II) oxidation potential, is given by: 
EHOMo(cis) = aRu + 2xbL + 4xbacac + lxcL + 3xcacac 
and 
for cis isomers 
a Irreversible, i.e. CV lacks a return wave even at 235 K. This potential corresponds to the observed 
anodic peak potential . 
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EHoMo(trans) = a Ru + 2xbL + 4xbacac + 4xcacac for trans isomers 
The difference between the HOMO energies is then given by: 
LiEHOMo(trans - cis) = cacac - cL 
This means that in d6 bis-acetylacetonato complexes, Ru(acachL2, LiEHoMo(trans - cis) 
and Li E0 depend on the difference in Jr-donor I acceptor properties of the ligands.* As the 
Jr-donor I acceptor properties of acetylacetonato moieties, on the one hand, and ligands 
such as phosphines and ButNC, on the other, differ greatly, the difference in E0 III/II 
(LiE0 ) between cis and trans isomers containing those ligands reaches almost 0.5 V. It is 
noteworthy that Li E0 grows in line with the Jr-acceptor strength of ligand L stabilising the 
HOMO (Table 4.3.2). In cis complexes containing three kinds of ligands 
([Ru(acac)2(P(cyclohexyl)3)(CO)] and [Ru(acach(PPh3)(CO)]), as shown in Figure 
4.3.3, the d-orbital interacting with the weaker Jr-acceptor only (i.e. the phosphine) will 
be the HOMO, and therefore Li E0 is similar to that observed for their bis-phosphine 
analogues. 
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Figure 4.3.3 Qualitative diagram showing the stabilisation of the metal t2g-subshell in 
cis Ru( acac h( CO)( P R3) d6 complexes. 
* Th acac f th al . . . e c parameter re ers to e n-cov ent mteract10n of one acac-denved 0-donor. 
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While it is now clear that Lever's ligand additivity model does not work for the 
unified family of cis and trans [Ru( acac hLL']2± complexes, linear correlation may be 
found between experimentally determined E0 (111/II) values and r.EL for sets of cis and 
trans isomers considered separately. Let us plot the observed III/II oxidation potentials 
versus r.EL. Figure 4.3.4 shows a linear correlation for the family of trans isomers. The 
slope of the graph (0.85) gives us the effective SM polarisability parameter of Lever's 
equation for the family of trans isomers. 
1.0 
0.5 
0.0 
-0.5 
E O III/II (V) 
correlation r = 0.932 
gradient 0.85 
r.~(V) 
-1.0 -r--------,-----r----------------
-1.0 -0.5 0.0 0.5 1.0 1.5 
Figure 4.3.4 Correlation of the observed Rulll!II couples with LEL for a series of 
trans Ru(acachLL/ complexes. Data from Tables 4.3.2 and 4.3.3. 
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In the family of cis isomers the two data points for (Ru(acach(ButNC)2 and 
Ru(acac)2(P(OCH3)3)2 apparently fall far above the straight line* (Figure 4.3.5). 
However if these two complexes are excluded the linear correlation is almost perfect. 
The slope (SM parameter) is equal to 1.15. 
The SM parameter is an important indicator of metal-ligand interaction. A greater 
value of SM indicates a greater sensitivity of the central ion toward the ligands in a series 
of complexes. The SM parameter was conceived to be constant and characteristic of a 
given metal ion in a given couple regardless of ligand set.23 Especially, it would be 
expected to converge on unity for the Ru (III/II) couple, because this particular couple 
was used by Lever as a Standard Electrochemical Data Set for derivation of the EL 
parameters.23 A comparison of the slopes (1.15 and 0.85 respectively) obtained for the 
series of cis and trans [Ru( acac hL2] isomers reveals that the studied cis systems are 
more polarisable, i.e. are more susceptible to the ligands' influence than the trans ones. 
In other words, two tr-acceptor ligands bound trans to each other exert diminished 
influence in terms of E0 on the central ion. This upholds results reported in the previous 
chapter by showing that trans-attenuation of ligand effects is quite a general phenomenon 
not lirruted to complexes containing extremely strong tr-acceptors like CO and NO+. 
Examination of the relation between the very few reversible IV /III couples and 
Lever's I:EL terms throughout the range of the Ru(acac)2L2 complexes reveals a more 
complicated picture. It is possible to plot two straight lines (Figure 4.3.6). One, having a 
slope of ca. 1.0, corresponds to the complexes with (left to right) L = Cl (trans), 
TMEDA (cis) and N(CH3)3 (trans) (all non n-acids). The second straight line , having 
an unexpectedly small slope of ca. 0.2, passes through the points corresponding to 
L = TMEDA (cis), N(CH3)3 (trans), pyridine (both cis and trans) and AsPh3 (cis) (all 
at potentials around + 1.6 V). The sensitivity of the redox couple to the ligand 
environment falls dramatically beyond ca. + 1.5 V once the non n-acidic ligands (Cl, 
TMEDA or N(CH3)3) are replaced by the mild n-acids like pyridine or AsPh3. Such 
insensitivity of the observed E0 to the changing ligand environment in pyridine and arsine 
complexes, reflected by the small value of the slope, may indicate that the oxidation 
*. This observation indicates stronger than predicted stabilisation of the HOMO by pronounced n-acceptor 
ligands (ButNc and P(OCH3)3) in these complexes. 
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process may now be (acac) ligand-based (i.e. (acac)Oll+ oxidation). Indeed, as the 
d-orbitals contract with the increasing central charge of the central ion, 24 the metal orbitals 
are now more stabilised than in the case of the previously examined Ru (III/II) oxidation 
(vide supra), so that it may become easier to remove an electron from the (acac) levels 
rather than from the d-orbitals of the metal. The ( acac) ligand levels are in turn a lot less 
sensitive to changing the other ligands L than those of the central ion. 
1.5 
1.0 
0.5 
0.0 
-0.5 
E O III/II (V) 
Ru(acac) 2(Bu1NC) 2 
~ 
correlation r = 0.996 
gradient 1.15 
-1.0 .....---------------.-----------------.. 
-0.5 0.0 0.5 1.0 1.5 
Figure 4.3.5 Plot of the observed RuIIIIII couples versus :EEL for a series of 
cis Ru( acachLL/ complexes. The graph also illustrates that the EL paramerers for But NC 
and P(OCH3)3 ligands are underestimated by approximately 0.15 V and 0.10 V 
respectively. Data from Tables 4.3.2 and 4.3.3. 
108 
The reduction potential for the coordinated ( acac) ligand in an Ir(III) complex 
is estimated at -3.0 V.29 The difference between (acac)Ol-1 reduction and (acac)Oll+ 
oxidation potentials may be estimated from the energy of the ( acac) n to n* electron 
promotion in a coordinated (acac) ligand, which is usually close to 36000 cm-I (or 
ca. 4.5 e V) (see section 4.4). This estimate gives us the redox potential for the 
(acac )Oil+ oxidation of ca. + 1.5 V, which closely matches the second redox potentials of 
the pyridine and arsine complexes. 
The crucial distinction between the metal-based Ru (IV /III) couple and the 
ligand-based (acac)Oll+ oxidation should the electronic spectra of the [Ru(acac)2Cl2]0, 
[Ru(acac)2(AsPh3)2]2+ species. However, the spectra of these reactive species are subject 
of a separate investigation. 
1.8 E0 N/III (V) Pyridine SM= 0.2 
trans 
TMEDA AsPh3 
1.6 czs czs czs 
1.4 
1.2 
1.0 
Cl 
trans 
L~(V) 
0.8 
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 
Figure 4.3. 6 Plot of the observed reversible RulVIIII couples versus IEi for a series 
of Ru(acachL2 complexes. Data from Tables 4.3.4. 
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4.4 Spectro-electrochemical Study of Ruthenium bis-Acetylacetonato 
Complexes 
Most of the described acetylacetonato complexes of divalent and particularly 
trivalent ruthenium are deeply coloured compounds. The intense colours are due to 
electron promotion from the acetylacetonato ligands to the central ion or vice versa. The 
charge-transfer spectra of both d6 and d5 Ru(acac)3 and Ru(acachL2-type complexes 
have been investigated in our laboratory by Graham Heath and co-workers, and are well 
understood.16,29 Figure 4.4.1 shows the spectral progression accompanying 
electrochemical reduction of Ru(acac)3 in an OTTLE cell. The spectrum of the 
d5 Ru1II(acac)3 comprises three well-defined absorption bands at 37400, 28800 and 
20000 cm-1. These bands are assigned as follows: the ligand-based (acac-based) n to 
n* electron promotion (37400 cm-1); the metal-to-ligand dnto n* CT (28800 cm-1); the 
ligand-to-metal nto dnCT (20000 cm-1). In the electro-generated d6 [Ru1I(acac)3]1- the 
metal t2g-subshell is fully filled, and no low energy ligand-to-metal charge-transfer 
absorptions are observe~.. The charge-transfer spectrum of this species consists of two 
bands at 36600 and 19800 cm-1 that are assigned as then ton* electron promotion and 
the metal-to-ligand dnto n* CT respectively. It is noteworthy that the energy of the acac 
n to n* band close to its position in the free ligand and is virtually not affected by the 
charge of the central ion, while the MLCT band undergoes an expected bathochromic 
shift with the lowering of the metal oxidation state. As in the previous chapter, we shall 
limit further discussion to the d5 Rulli species. 
The lower symmetry { Ru111( acac )2} chromophore (in both cis and trans 
[Ru(acac)2L2F complexes) contributes to electronic spectra which can be generally 
interpreted in the same terms as that of Ru(acac)3 (Table 4.4.1). In most cases the 
bands, acac to Rum LMCT in particular, involving the acac ligands are readily assigned. 
However, under the influence of some Jr-acceptor ligands L, the bands (especially the CT 
bands) tend to broaden and sometimes even to converge, making their maxima almost 
imperceptible. Similar effects (vibrational broadening) have been observed in 
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bis-bi pyridine complexes of ruthenium containing Jr-acceptor ligands ( e.g. phosphines or 
isocyanides ). 30 
Absorbance (Arbitrary units) 
acac 1t ton* (Rull) 
acac 1t ton* (Rulli) 
Rull to acac CT 
\ 
Rulli to acac CT 
\ 
40000 cm-1 30000 cm-1 20000 cm-1 
Figure 4.4.1 Spectral progression accompanying electrochemical reduction of 
Ru(acac)J in an OTTIE cell. 
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Table 4.4.1 Principal band maxima observed for [Rull1(acac)2LL'}z species. 
In a number of complexes TC to TC* and MLCT absorptions coalesce producing one broad 
band. Tentative assignments are listed in square brackets. 
L L' Geometric Band maxima (cm-1) 
isomer TC to TC* MLCT LMCT 
Cl Cl trans 34000 26000; 19370 
27500 
CH3CN Cl trans 35000 28800 18600 
N(CH3)3 N(CH3)3 trans 35500 29200 18350 
C5H5N C5H5N ClS [30000 - 42000] 18200 
trans [28000 - 42000] 18200 
CH3CN CH3CN ClS 35200 320ooa 17400 
trans 36200 31200 17160 
P(CH3)3 P(CH3)3 ClS 35200 32000a 16200b 
Cyclooctene NH3 ClS 34600b 17200b 
Cyclooctene CH3CN ClS 36000b 16000b 
AsPh3 AsPh3 ClS 320QOb 15500b 
trans [30000 - 34000] 16500b 
PPh2(CH3) PPh2(CH3) ClS 34000b 15000b 
P(OCH3)3 P(OCH3)3 ClS 34600b 14400b 
trans 37000b 17000b 
Cyclooctene SbPh3 ClS 35000b 14600b 
co P( cyclohexy 1 h ClS 34800b 13000b 
co AsPh3 ClS [30000 - 45000] 12600b 
co PPh3 ClS [30000 - 45000] 12400b 
trans [30000 - 45000] 16800b 
a shoulder 
b very broad band 
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Figure 4.4.2 Schematic diagram showing transformations of the frontier orbital 
domain of the d5 [Ru1Il( acac)2L2JZ-type complexes upon various electron transfer 
processes. 
As we have seen in Chapter 3, electrochemical and spectroscopic techniques can 
complement each other. Spectro-electrochemical methods allow us to obtain electronic 
spectra of the [Ru III( acac hL2]2 type complexes electro-generated in situ, as most of these 
compounds are isolated in divalent state. 
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Table 4.4.2 Data used for the LMCT versus E° II/RI graph for the cis isomers 
(Figure 4.4.3) 
Ruthenium (ill) complex LMCT (Rulli) band E0 Ill/II (V) 
maxima (cm-1) 
Ru(acach 20000a -0.65a 
[Ru( acac h( CsH sNh] 1 + 18200 +0.01 
[Ru( acac h(CH3CNh] 1 + 17400 +0.24 
[Ru( acac h(Cyclooctene )(NH3)] I+ 17200 +0.23 
[Ru( acac h(Cyclooctene )(CH3CN)] 1 + 16000 +0.44 
[Ru( acac h(AsPh3)2] 1 + 15500 +0.34 
[Ru( acac h(PPh3h] 1 + 15000a +0.37 
[Ru(acach(Cyclooctene)(SbPh3)]1+ 14600 +0.44 
[Ru( acac h(P(OCH3)3)2] I+ 14400 +0.70 
[Ru( acac h(ButNCh] I+ 14000a +0.74 
[Ru(acach(AsPh3)(CO)]l+ 12600 +1.05 
[Ru( acac h(PPh3)( CO)] I+ 12400 +1.10 
Table 4.4.3 Data used for the LMCT versus E° Ill/// graph for the trans 
isomers (Figure 4.4.3) 
Ruthenium (ill) complex LMCT (Rulli) band E0 III/II (V) 
maxima ( cm-1) 
[Ru(acachCl2] 1- 19370 -0.95 
[Ru( acac )2Cl(CH3CN) ]O 18600 -0.42 
[Ru( acac h(N (CH3)3)2] 1 + 18350 -0.20 
[Ru( acac h( CsHsNh] I+ 18200 -0.04 
[Ru( acac h(CH3CNh] I+ 17160 +0.12 
[Ru(acac h(P(OCH3)3)2] 1+ 17000 +0.22 
[Ru(acach(PPh3)(CO)]l+ 16800 +0.76 
a data from ref 16 
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Figure 4.4.3 Correlation of the d5/d6 (Ill/II) redox potentials and the acac-to-metal 
charge-transfer ( LMCT) energies for the series of cis ( shown in red) and trans ( shown 
in blue) Rull1(acac)2LL/ complexes and Ru(acac)3. The slopes are -4630 cm-1/V or 
-0.57 eVIV(cis) and -1680 cm-1/V or -0.21 eVIV(trans). Correlation coefficients are 
0.9land 0.89 respectively. Data from Tables 4.4.2 and 4.4.3. 
Table 4.4.3 Data usedfor the MLCTversus g> !Villi graph (Figure 4.4.4). 
Ruthenium (IID complex MLCT (Rulli) band E0 IV /III (V) 
maxima (cm-1) 
trans-[Ru ( acac hC12] 1- 27500 +0.97 
Ru(acach 28800a + 1.10a 
trans-[Ru(acac h(N(CH3hh] 1+ 29200 +1.62 
trans-[Ru(acac )2(CH3CNh] 1 + 31200 +1.88 
a data from ref 16 
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Figure 4.4.2 shows transformations of the frontier orbital domain of the 
d5 Ru(acac) 2L 2-type complexes upon various electron transfer processes. If a 
charge-transfer in the { Ru III( acac h} chromophore is viewed as an intramolecular red ox 
process as described in the previous chapter, then the LMCT should be associated with 
the metal reduction, while the MLCT - with the oxidation of the central ion. The acac to 
RuIII LMCT is the lowest energy feature of the electronic spectrum produced by the 
{ Ru III( acac )2 } chromophore. Just as in the case of the { MX4} chromophore 
(Chapter 3), the energies of the LMCT absorptions strongly depend on the nature of the 
ligands L. Both cis and trans isomers show a linear correlation with 111/11 redox 
potentials (Figure 4.4.3). The absolute values of the gradients (in e V N) are much 
smaller than unity for both isomers, indicating that the stabilisation effect of the 
Jr-acceptor ligands L on the metal dn orbitals is in part relayed to the acac donor 
1t' levels. This result is in agreement with the one obtained for the halide comlpexes. 
The trans isomers show a fairly shallow correlation (gradient -1680 cm-IN or 
-0.21 eVN). The gradient of the LMCT - E0 111/11 relationship is almost three times 
greater for a series of cis complexes (-4630 cm-IN or -0.57 e V N). Such a contrast 
between the cis and the trans isomers suggests a different sensitivity of the acac donor 
1t' levels to the degree of the stabilisation of the central ion dn acceptor levels ( concurrent 
with the accumulation of the positive charge on the metal), ·given by the E0 111/11 values 
( see Chapter 3). 
While LMCT bands experience a red shift with the growing Jr-acceptor strength 
of the ligands L, the MLCT absorptions, on the contrary, are blue-shifted. As a 
consequence of this, the MLCT bands are not easy to discern in many ruthenium (III) 
bis-acetylacetonates containing Jr-acceptor ligands: in some cases the MLCT band 
appears as a shoulder on the more intense acac 1t' to n* peak, and frequently the two 
bands coalesce completely (for example, see Figure 4.4.5). This is not merely 
"guesswork" as we can project the likely location of the MLCT (Rulll) band from the 
electrochemical data. Figure 4.4.4 displays a plot of a few well-defined MLCT band 
energies versus available E0 IV /III values. The estimated slope of 0.41 e V N is again 
much smaller than unity, indicating that not only the donor (metal dn), but also the 
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acceptor (acac ,r*) levels become more stabilised when n-donor ligands (e.g. acac and 
Cl) are substituted by a Jr-innocuous (N(CH3)3) or a mild Jr-acceptor ligands (CH3CN). 
32000 
cm-I 
31000 
30000 
29000 
28000 
E0 IV /III (V) 
27000-+-~~---~~~....-~~~~~~--~~~~~--. 
0.5 1.0 1.5 2.0 
Figure 4.4.4 Plot of the d4/d5 (IV/Ill) redox potentials and the metal-to-acac 
charge-transfer (MLCT) energies for four of Ru1Il( acac)2L2-type complexes and 
Ru( acac)3. Data from Table 4.4.3. The slope of the graph is ca. 3270 cm-lfV or 
0.41 eV/V. 
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Absorbance (arbitrary units) 
acac n to n* (Run) 
\ 
I 
1 ). acac n to n* (Ru1ll) and 2). Ru1II dn to acac· n* 
35000 
/ 
Rull dn to acac n* 
MLCT 
25000 
cm-1 
acac n to Ru1ll dn 
LMCT 
\ 
15000 
Figure 4.4.5 Spectral progression accompanying electrochemical oxidation (///Ill) of 
cis-Rull(acac)2(PPhi(CH3)h in an OTTLE cell at 235 K. 
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4.5 Spectro-electrochemistry of the series of chloro / nitrile complexes, 
trans-Ru(acac)2( CH3CN)n(Cl)2-n 
In section 4.1 we mentioned that chemical reduction of trans-[Ru111(acachCh]1-
in acetonitrile by zinc amalgam produces trans-Ru11(acac)2(CH3CN)2. 17 However, 
electrochemical reduction in chilled dry acetonitrile yields an unstable intermediate 
complex [Rull(acac)2(CH3CN)Cl]1-. This gives us an opportunity to study additivity 
effects in relation to stepwise substitution of anionic chloride (n-donor ligands) by 
neutral acetonitrile (mild Jr-acceptor ligands). 
Figures 4.5.1 and 4.5.2 display cyclic voltammograms of the 
trans-[Rulll(acac) 2Cl2]1- in different solvents: innocuous dichloromethane and 
coordinating acetonitrile respectively. It is noteworthy that the CV in chilled 
dichloromethane reveals fully reversible oxidation (IV /111) and reduction (111/11). * The 
reduction in acetonitrile is fully chemically irreversible, and formation of a daughter 
product ([Rull(acac h(CH3CN)Cl]1-) is observed. It is quite evident (Table 4.5.1; Figure 
4.5.3) that the Eobs of the daughter product lies halfway between the the E0 111/11 values 
of the trans-[Rulll(acachCl2]1- and trans-Rull(acach(CH3CNh complexes. The optical 
spectra** of the dichloro (Figure 4.5.4), bis-acetonitrile (Figure 4.5.5) , and the mixed 
complex (Figure 4.5.6) have been recorded. The intermediate complex was prepared 
and characterised in situ in an OTTLE cell. This entailed reduction of the dichloro 
complex ([Pl4As] trans-[Rulll(acac)2Ch]) in acetonitrile solution, followed by the 11/111 
oxidation of the daughter product. The optical data of the trivalent complexes are 
consistent with the trend in the E0 111/11 values (table 4.5.1; Figure 4.5.7). 
Thus the set of trans-[Ru(acac)2(CH3CN)n(Cl)2-nF (n = 0, 1, 2) complexes 
presents another good example of a linear additive system, similar to the halide/ nitrile 
family described by G.A. Heath and C.M. Duff (Chapter 3; refs. 4,5). 
* The reduction is only reversible at temperatures below 260 K. 
** Assignment of the optical spectra was given in the preceding section. See Table 4.4.1. 
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I lOµA IV /III couple 
1.5 0 
V 
III/II couple 
-1.5 
Figure 4.5.1 Cyclic voltammetry of [Ph4As] trans-[Rulll(acac)2Cl2] in 
dichloromethane at 233 K 
0 
cathodic peak of the dichloro species -
daughter product 
-0.8 
V 
I lOµA 
-1.6 
Figure 4.5.2 Cyclic voltammetry of [Ph¢s] trans-[Rulll( acac)2Cl2] in acetonitrile at 
253 K: formation of a daughter product ([Rull(acac)2(CH3CN)C1Jl-J is observed. 
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Table 4.5.1 Comparative electronic properties of the series of chloro/nitrile 
complexes, trans-[Ru( acac)2(L)(L/)}Z 
L L' E0 III/II (V) Absorption band maxima (cm-I) 
LMCT (Ru1Il) MLCT (Rulll) 
Cl Cl -0.95 19370 26000; 27500 
Cl CH3CN -0.42 18600 28800 
CH3CN CH3CN +0.12 17160 31200 
0 .2 Eo III/II (V) 
0.0 
-0.2 
-0.4 
-0.6 
-0.8 
-LO-+------------.......-----------, 
n=O n=2 
Figure 4.5.3 Electrode potentials for the series [Ru( acac)2( CH 3CN)nCl2-nJz as a 
function of stoichiometry. E° Ill/II values (Table 4.5.1) are plotted versus n. The 
slope is +0.54 V per substitution, which is similar the "expected" slope of +0.6 V 
observed for the E° III/II in the [RuX6-n(CH3 CN)nJz (X = Cl, Br) series (see 
Chapter 3). 
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Absorbance (arbitrary units) 
b 
30000 
C 
a = LMCT (Rulli) 
b = MLCT (Rulli) 
c = MLCT (RuII) 
20000 cm-I 
Figure 4.5.4 Spectro-electrochemistry (III-+II reduction) of [Ph4As]+ 
trans-[Rulll( acac)2CI2J1- in an O.ITLE cell in dichloromethane at 233 K. 
Absorbance (arbitrary units) 
45000 35000 25000 
a= LMCT (Rum) 
b = MLCT (Rum) 
c = MLCT (Ru II) 
15000 cm-I 
Figure 4.5.5 Spectro-electrochemistry ( II-+ III oxidation) of trans-
-[Rull(acac)2(CH3CNh] in an OITLE cell in acetonitrile at 240 K. 
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Absorbance (arbitrary units) 
40000 30000 
a= LMCT (Rum) 
b -=MLCT (Rum) _ 
a 
20000 cm-1 
Figure 4.5.6 Spectrum of an intermediate complex [Ru1II(acac)2(CH3CN)Cl] prepared 
in situ in an OTTLE cell . The starting dichloro complex [Ph4As]+ 
trans-[Rulll( acac)2Cl2J1- was initially reduced in acetonitrile solution at 253 K, and the 
daughter product was subsequently oxidised. 
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32000 
cm-1 
• MLCT 
28000 
24000 
20000 
• LMCT 
16000 
n=O n=l n=2 
Figure 4.5.7 Ruthenium (III) MLCT (red) and LMCT (blue) absorption band energy 
as a function of stoichiometry. Band maxima (Table 4.5.1) are plotted versus n for the 
[Ru( acac)2(CH3CN)nCl2_nJz series. The points are connected by arbitrary interpolation. 
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4.6 Comparative Spectro-electrochemistry of the M(acac)3 and 
trans-M(acac)2Cl2 complexes, where M = Ru or Os 
We have already seen that the osmium halide complexes have more negative 
IV /Ill and III/II redox potentials than ruthenium ones (Chapter 3). This reflects the fact 
that the frontier orbitals of osmium lie to higher energy than those of ruthenium. 
Acetylacetonato complexes show the same trend (Table 4.6.1). These conclusions are 
also consistent with the observed differences in MLCT and LMCT energies of the 
corresponding ruthenium and osmium complexes. 
Figures 4.6.1 and 4.6.2 display spectral progressions accompanying 
electrochemical III/II reduction of Os(acach and trans-[Os(acac)2Ch]1- respectively . 
One can readily see that the spectral patterns of these two complexes and their ruthenium 
analogues show similarities. However, energies of the charge-transfer bands differ 
systematically (Table 4.6.2). The MLCT energies are generally slightly lower in the 
osmium complexes. At the same time LMCT energies are higher by ca. 4000 cm-1 in the 
osmium complexes; this is similar to the difference observed for the halide complexes 
described in the preceding chapter. 
It is quite remarkable that the vibronic structure observed in MLCT (MIi) (a 
shoulder on the high energy side of the peak) may also be discerned in the corresponding 
band of the trivalent complexes. 
A broad absorption ( 11000 - 16000 cm-1) appears in the spectrum of the 
[Osll(acac)3]-1 species (Figure 4.6.1). The same absorption is much less conspicuous in 
the spectrum of the ruthenium analogue (Figure 4.4.1). This must be a spin-forbidden 
component. Such low energy absorptions were observed and assigned as spin-forbidden 
bands in a series of [Mll(bipy)3]2+ complexes (M = Fe, Ru and Os).31 Similarly, these 
bands were also found to be much more intense in the osmium complexes than in the iron 
and ruthenium ones. 
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Table 4.6.1 Comparative redox properties of the trans-[M( acac)2Cl2Jz and 
M(acac)3 complexes (M = Ru, Os) 
trans-[M( acac )2Cl2] 
Metal E0 IV /IIl (V) E0 III/II (V) 
Ru +0.97 -0.95 
Os +0.20 -1.58 
Absorbance ( arbitrary units) 
40000 30000 
M(acac)3 
E0 IV /IIl (V) 
+1.14 
+0.51 
20000 
E0 III/II (V) 
-0.57 
-1.07 
spin-forbidden 
component 
10000 cm-I 
Figure 4.6.1 Spectral progression accompaniyng electrochemical Ill/II reduction of 
Os( acach in an OTI'LE cell in dichloromethane solution at 233 K. 
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Absorbance 
(arbitrary 
units) 
40000 30000 20000 cm-1 
Figure 4.6.2 Spectral progression accompaniyng electrochemical Ill/II reduction of 
trans-[Oslll( acac)2Cl2Jl- in an OITLE cell in dichloromethane solution at 233 K. 
Table 4.6.2 Charge-transfer absorptions in the spectra of . the 
trans-[M(acachCl2Jl-/2- and [M(acac)JJOIJ- complexes (M ~ Ru, Os) 
Band maxima (cm-1) 
trans-[M( acac )iCl 2] 1-/2- [M( acac )3]011-
Metal :MLCT :MLCT LMCT :MLCT :MLCT LMCT 
(Mil) (MID) (Mill) (Mil) (Mill) (Mill) 
Ru 18800; 26000· 
' 
19370 19800; 28800 20000 
20200 27500 21000a 
Os 17000; 25800; 23200 19000; 27000 ca. 
18000a 2830oa 2osooa 240ooa 
a shoulder 
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Table 4.6.2 Ligand-based ( acac) 1C to 
trans-[M(acac)2CI2Jl-l2- and [M(acac)JJOIJ- comp 
1C* absorptions in the spectra of the 
lexes (M = Ru, Os) 
Bandm axima (cm-1) 
............... ________ -4 
trans-[M( acac )iCl 2] 1-/2- [M(acac)3]0ll-
Metal re to 1C* (Mil) re to 1C* (M11l) re to 1C* (Mil) re to 1C* (Mill) 
Ru not determined b 35580b; 36600 37400 
34100a,b 
Os 37200 36200 37000 36600 
a shoulder 
b The Tr to Tr* bands are partially obscured by aromatic a 
trans-[Rull1(acac)zCI2]. A solution of tetra-n-butylammo 
bsorptions in the spectra of [P~As] 
mum salt of the Rulll complex has been 
tion. See the next section. prepared to determine the energy of ,r to Tr* (Rulll) transi 
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4. 7 Experimental 
The electrochemical and spectro-electrochemical experiments were performed as 
described in the previous chapter. Likewise, the redox potentials are quoted versus. the 
Ag/AgCl reference electrode, against which ferrocene ([FeCp2]) is oxidised at +0.55 V. 
[AsPh4] trans-[RulII(acac )2Cl2], Cs trans-[Rull1(acac )2Cl2] and trans-
[Ru(acac )2(CH3CN)2] were prepared according to the methods described in the 
literature. I? The dichloromethane solution of [Bun4N] -trans-[Ru111(acac )2Ch] was 
prepared by extraction of the corresponding caesium salt into 0.5 M [Bun4N] Cl 
solution in freshly distilled dichloromethane. A sample of cis-[Ru(acac)2(CH3CN)2] 
was prepared according to Kobayashi's method.13 
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Appendix 1 
Comparative Electrochemistry of the cis and 
trans-[OsBr4(L)2]z- Complexes, where L = CH3CN 
and CO 
Al .1 Results and Discussion 
The relationship of the electrochemical properties of geometric isomers of the 
transition metal complexes is important for better understanding of the Ligand Additivity 
concept. Chapter 3 explored redox properties of cis and trans isomers of ruthenium 
bis-acetylacetonato complexes. In this Appendix the results of an electrochemical study 
of the cis- and trans- [OsBr4(L)2]2- complexes are presented. 
The bis-nitrile studied here complexes show similar III/II and, especially, IV /III 
redox couples (Table Al .1 and Figures Al .1 - 2). This is not unexpected as acetonitrile 
is deemed to be a moderate Jr-acceptor. Therefore, in the light of Bursten's additivity 
model, 1 which itself rests o the Angular Overlap model (AOM), we may expect only 
small difference in E0 values between the geometric isomers of mixed bromide nitrile 
complexes, particularly in higher oxidation states. 
The cis and trans bis-carbonyl tetrabromide complexes make a striking contrast to 
their bis-nitrile analogues. The comparison of the III/II redox couples of these species 
shows an enormous difference of 0.82 V (Table Al.1 and Figure Al.3). To our 
knowledge, such a big difference in redox properties between the isomeric complexes 
has not been reported in the literature hitherto. It is clearly largely due to a vast difference 
in n-donor / acceptor properties between the halide and the carbonyl ligands 
(see Chapter 3). 
This example allows us to emphasise yet again that the redox potentials of 
isomeric complexes containing the same ligand set may be quite different. Therefore, 
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caution must be exercised in application of simplistic Ligand Additivity models,2 
especially for complexes containing two kinds of ligands which vary greatly in their 
n-backbonding characteristics (e.g. CO and Br-). 
Ferrocene 
IV/III 
0.8 0.4 0 
V 
-0.4 
III/II 
-0.8 
Figure Al.1 Alternating current cyclic ( ac V) voltammetry of the 
cis-[OsBr4(CH3CN)2Jz-species in dichloromethane at 233 K. Ferrocene added for 
reference ( +0.55 V). 
IV/III 
Start 
10 µA 
o:s 0.4 0 I 
-0.4 
I 
-0.8 
V 
Figure Al.2 Cyclic voltammetry (CV) of the cis-[OsBr4( CH3CN) 2Jz- species in 
dichloromethane at 233 K. 
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• 
ClS 
+1.02 V 
+1.25 
ferrocene 
+0.55 V 
V 
trans 
+0.20 V 
0 
Figure Al.3 Alternating current ( ac V) voltammetry ( the Ill/II couple) of the cis and 
trans [OsBr4(C0)2Jz- isomers in similar concentrations in dichloromethane at 233 K. 
Ferrocene added for reference ( +0.55 V). 
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Table Al.1 Redox p roperties of the [OsBr4(L )2Jz- complexes. The E° values 
shov n correspond to reversible electrode processes in dichloromethane at 233 K. 
Stoichiometry Geometric E0 IV/III LIB0 IV /III Eo III/II Lill O III/II 
I isomer (V) (V) (V) (V) 
OsBr4(CH3 CN)2 trans +0 .82 -0.77 
cis +0.78 0.04 -0.56 0.21 
OsBr4CC0)2 trans + 1.84a +0.20 
cis not --- + 1.02 0.82 
obsened 
Al .2 Experimental 
The electrochemical mea urement \ ere performed as de cribed in Chapter 3 
ection 3.3.1 . 
The o mium bromide complexe v. ere prepared from [Ph..iPJ20 Br 6. Thi 
materia]l a . in turn prepared from [)illi]_O Br6 Strem Chemical Inc. b d ' ol ing 
the latter in the dilute aq eou hy drobromic acid and adding an aqueou olution of 
[Pl4P] Br. The obtained precipitate \ a dried and recry talli ed from CH2Cl2/d ' eth 1 
ether. 
The tran i omer [B un+'\J [O IIIBr CO _] and [Bun+--~] [O IIIBr (CH C 2] 
ha\·e been prepared ac ording to the method e i ed in our laboratory. 
The alt of cis-[O IIBr C O J-- ha e been prepared a de cribed in the 
literature. The pre\·iou l unreported [Ph P] ci -[O IIIBr CH C _] compound \ a 
prepared a follow : 
This ou le · ~ not re er i le. 
13 ~ 
Tetraphenylphosphonium cis tetrabromo bis ( acetonitrile) osmate (Ill) 
[Ph4P] 20sBr6 (0.10 g, 0.07 mmol) was dissolved in acetinitrile (20mL) and 
zinc amalgam (ca. 0.5 mL) was added. After stirring the mixture for not more than 20 
min the solution turned pale yellow. It was separated from the amalgam and evaporated 
to dryness. The residue was redissolved in the mixture of CH2Ch and absolute ethanol 
(l 5mL; 1: 1, v:v). The solution was passed through a bed of celite in order to remove 
undissolved matter. The solution was slowly evaporated in a crystallising dish at 
ambient temperature to induce the formation of the dark brown crystals. The crystals 
were then separated, washed by diethyl ether and dried in the air for 24 hours. 
IR: weak C-N stretch at 2250 cm-1. 
UV-VIS: 21400 cm-1 (2440 M-1 cm-1) , 24700 cm-1 (4920 M-1 cm-1), 29500 cm-1 
(1820 M-1 cm-1) in dichloromethane 
Yield: 0.06g (0.06 mmol; 85 % ) [Ph4P] [OsBr4(CH3CN)2] 
Table Al.2 The results of the elemental analysis of the cis isomers. Elemental 
analyses were peiformed by the Microanalytical Services Unit at the Research School of 
Chemistry, A.N. U. 
Mass o/o, 
Compounds Empirical Found 
formulae ( Calculated) 
C H N p 
[Ph4P] C2sH26N 2POsBr4 35.93 2.80 2.76 3.11 
cis-[ Osll1B r 4( CH 3 CN)2] (36.11) (2.81) (3.01) (3.33) 
[Ph4P]2 CsoH40P20sBr402 48.60 3.22 0.00 4.99 
cis-[Osl1Br4(C0)2] ( 48.25) (3.24) (0.00) (4.98) 
[Bun4N]2 C34H 72P2N 20sBr402 38.72 6.76 2.42 -
cis-[OsIIBr4(C0)2] (38.86) (6.91) (2.67) 
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Appendix 2 
X-Ray Crystal Structures 
A2.1 Crystal structure of [BzPh3PJ [OsBr4(CH3CN)(NO)J • 0.5 (C6H6) 
Table A2.1.1 Crystallographic Data for (BzPPh3) [OsBr4( NO)( CH3CN)] • 
0.5(C~6) at 173K. 
chem formula C30H2sBr4N 200sP 
fw 973.36 
cryst system monoclinic 
space group P21/n 
a, A 10.372(1) 
b, A 19.520(2) 
C, A 16.188(2) 
~' 0 9.6.13(1) 
v,A3 3258.8(6) 
z 4 
dcalcd, g cm-3 1.984 
µ[Mo Ka], cm-I 88.9 
crystdimens,mm 0.22 X 0.24 X 0.26 
X-radiation Mo Ka 
11., A 0.7107 
data range, 0 in 20 4-60 
no. unique data 9521 
no. data refined 6391 [I> 3cr(I)] 
no. variables 356 
R 0.046 
Rw 0.053 
GOF 1.65 
F(OOO) 1843.5 
138 
0 
N1 
Br1 ~ ...................... -c; Os Br2 
Br4 Br3 
N2 
C1 
C2 
Figure A2.1.1 Thermal ellipsoid diagram of the [OsBr4(NO)(CH3CN)1 anion with 
labelling of the non-H atoms at 173 K. Ellipsoids show 50% probability levels. 
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Table A2.1.2 Interatomic distances (A.) and angles ( 0) for non-hydrogen 
atoms of the complex anion in (BzPPh3)[0sBr4(NO)(CH3CN)J•0.5(C6H6) at 173K. * 
Os-Br(l) 
Os-Br(3) 
Os-N(l) 
N(l)-0 
C(l)-C(2) 
Br(l)-Os-Br(2) 
Br( 1 )-Os-Br( 4) 
Br(l)-Os-N(2) 
Br(2)-0s-Br(4) 
Br(2)-0s-N(2) 
Br(3)-0s-N(l) 
Br(4)-0s-N(l) 
N(l)-Os-N(2) 
Os-N(2)-C(l) 
2.5217(8) 
2.5072(8) 
1.769(11) 
1.133(15) 
1.463(12) 
90.88(3) 
88.77(3) 
88.5(2) 
173.11(3) 
85.3(2) 
92.6(3) 
95.2(3) 
176.1(3) 
170.8(6) 
Os-Br(2) 
Os-Br(4) 
Os-N(2) 
N(2)-C(l) 
Os-Br(5) 
Br(l)-Os-Br(3) 
Br(l)-Os-N(l) 
Br(2)-0s-Br(3) 
Br(2)-0s-N(l) 
Br(3)-0s-Br(4) 
Br(3)-0s-N(2) 
Br(4)-0s-N(2) 
Os-N(l)-0 
2.5144(9) 
2.5108(9) 
2.104(7) 
1.135(11) 
2.35(2) 
173.01(3) 
94.0(3) 
91.04(3) 
91.7(3) 
88.52(3) 
85.0(2) 
87.8(2) 
176.9(9) 
N(2)-C(l)-C(2) 178.8(8) 
* For this compound, at the early stage of refinement, it was noticed that the thermal ellipsoid for the 
nitrogen of the NO moiety was elongated in the direction of the N-0 vector and that the N-0 bond was 
unreasonably short (0.95(l)A). A similar phenomenon had previously been observed for the structure of 
[Os(NO)Br5]2- where there was disordering of the NO and Br groups (Chapter 2; ref. 20). A model was 
set up with a Br atom of occupancy 0.05 at 2.5 lA from the Os on the Os-0 vector and with N and 0 
having occupancy 0.95. Agreement factors were slightly improved, the N-0 distance was now sensible 
and the thermal ellipsoids on N and O were more as expected, so this model has been retained and is 
presented here. 
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Table A2.2.1 Crystallographic Data for (BzPPh3){RuBr4(NO)(CH3CN)] • 
0.5(C6H6) at 293 K. 
chem formula C30H2sBr4N 20PRu 
fw 884.23 
cryst system monoclinic 
space group P21ln 
0 
a, A 10.388(1) 
0 
b, A 19.830(3) 
c, A 16.259(2) 
~' 0 94.17(1) 
V, A3 3340.6(6) 
z 4 
dcalcd, g cm-3 1.758 
µ[Cu Ka], cm-I 102.3 
cryst dimens, mm 0.17 X 0.10 X 0.10 
X-radiation Cu Ka 
A, A 1.5418 
data range, 0 in 28 3 - 120 
no. unique data 4963 
no. data refined 3476 [I> 3cr(I)] 
no. variables 352 
R 0.038 
Rw 0.058 
GOF 1.41 
F(OOO) 1715.72 
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Figure A2.2.1 Thermal ellipsoid diagram of the [RuBr4(NO)(CH3CN)J1- anion with 
labelling of the non-H atoms. Ellipsoids show 50% probability levels. 
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Table A2.2.2 Interatomic distances (A.) and angles ( 0) for non-hydrogen 
atoms of the complex anion in (BzPPh3){RuBr4(NO)(CH3CN)J•0.5(Ct){6). 
Ru-Br(l) 
Ru-Br(3) 
Ru-N(l) 
N(l)-0 
C(l)-C(2) 
Br(l)-Ru-Br(2) 
Br(l)-Ru-Br(4) 
Br(l)-Ru-N(2) 
Br(2)-Ru-Br(4) 
Br(2 )-Ru-N (2) 
Br(3)-Ru-N(l) 
Br(4)-Ru-N(l) 
N(l)-Ru-N(2) 
Ru-N(2)-C(l) 
2.523(1) 
2.504(1) 
1.722(7) 
1.094(11) 
1.460(12) 
90.58(3) 
89.24(3) 
88.9(2) 
174.90(4) 
86.4(2) 
91.9(2) 
93.8(2) 
177.0(3) 
172.8(6) 
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Ru-Br(2) 
Ru-Br(4) 
Ru-N(2) 
N(2)-C(l) 
Br(l)-Ru-Br(3) 
Br(l)-Ru-N(l) 
Br(2)-Ru-Br(3) 
Br(2)-Ru-N(l) 
Br(3)-Ru-Br(4) 
Br(3)-Ru-N(2) 
Br(4)-Ru-N(2) 
Ru-N(l)-0 
N (2 )-C( 1 )-C(2) 
2.508(1) 
2.509(1) 
2.096(6) 
1.132( 10) 
174.98(4) 
92.9(2) 
90.97(4) 
91.3(2) 
88.80(3) 
86.4(2) 
88.5(2) 
176.2(7) 
179.0(8) 
A2.3 Crystal Structure of (BzPPh3)[RuBr4(NO)(C5H5N)J 
Table A2.3.1 Crystallographic Data for (BzPPh3)[RuBr4(NO)(C5H5N)] at 
293 K. 
chem formula C30H27Br4N 20PRu 
fw 883.22 
cryst system monoclinic 
spacegroup P21/c 
0 
a,A 12.918(1) 
0 b, A 13.525(1) 
C, A 18.532(2) 
~' 0 93.60(1) 
V, A3 3231.5(5) 
z 4 
dcalcd, g cm-3 1.815 
µ[Cu Ka], cm-1 112.3 
crystclin:lens, Il1Il1 0.04 X 0.09 X 0.23 
X-racliation Cu Ka 
"A,A 1.5418 
data range, 0 in 28 4 - 120 
no. unique data 4650 
no. data refined 3500 [I> 3cr(I)] 
no. variables 352 
R 0.041 
Rw 0.059 
GOF 1.42 
F(OOO) 1711.7 
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Figure A2.3.1 Thermal ellipsoid diagram of the [RuBr4(NO)(C5H5N)J1- anion 
with labelling of the non-H atoms. Ellipsoids show 50% probability levels; H atoms are 
drawn as circles of arbitrary small radius. 
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Table A2.3.2 Interatomic distances (A) and angles ( 0) for non-hydrogen 
atoms of the complex anion in (BzPPh3)[RuBr4(NO)(C5H5N)J. 
Ru-Br(l) 2.521(1) Ru-Br(2) 2.497(1) 
Ru-Br(3) 2.508(1) Ru-Br(4) 2.514(1) 
Ru-N(l) 1.785(7) Ru-N(2) 2.149(5) 
N(l)-0 1.001(10) N(2)-C(l) 1.337(9) 
N(2)-C(5) 1.341 (9) C(l)-C(2) 1.386(12) 
C(2)-C(3) 1.355(14) C(3)-C(4) 1.398( 15) 
C(4)-C(5) 1.377(11) 
Br(l)-Ru-Br(2) 89.83(3) Br(l)-Ru-Br(3) 178.05(5) 
Br(l)-Ru-Br(4) 89.57(3) Br(l)-Ru-N(l) 90.7(2) 
Br(l)-Ru-N(2) 89.7(1) Br(2)-Ru-Br(3) 88.72(4) 
Br(2)-Ru-Br(4) 176.19(4) Br(2)-Ru-N(l) 92.0(2) 
Br(2)-Ru-N(2) 87.8(1) Br(3)-Ru-Br(4) 91.79(4) 
Br(3)-Ru-N(l) 90.7(2) Br(3)-Ru-N(2) 88.9(1) 
Br( 4 )-Ru-N( 1) 91.8(2) Br(4)-Ru-N(2) 88.4(1) 
N(l)-Ru-N(2) 179.6(3) Ru-N(l)-0 177.7(7) 
Ru-N(2)-C(l) 121.3(5) Ru-N(2)-C(5) 120.7(5) 
C(l)-N(2)-C(5) 118.1(6) N (2 )-C( 1 )-C(2) 121.2(7) 
C( 1 )-C(2 )-C(3) 121.4(9) C(2 )-C(3 )-C( 4) 117.6(8) 
C(3)-C(4)-C(5) 118.6(8) N(2)-C(5)-C( 4) 123.2(7) 
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A2.4 Crystal Structure of [Bun¢1J2[Ru(NO)Cl4}2 
Table A2.4.1 Crystallographic Data for [Bun¢1J2[Ru(NO)Cl4}2.at 213 K. 
Empirical Formula C16H36N20RuCl4 
Formula Weight 515.36 
Crystal Colour, Habit orange, pnsm 
crystal system monoclinic 
lattice type Primitive 
spacegroup P21/n 
a, A 9.611(2) 
b, A 21.033(2) 
C, A 12.029(1) 
~' 0 93.66(1) 
v,A3 2426.8(4) 
z 4 
dcalcd, g cm-3 1.410 
µ[Cu Ka], cm-1 93.31 · 
crystal dimensions 0.12 X 0.06 X 0.04 mm 
X-radiation Cu Ka 
'A., A 1.54178 
data range, 0 in 28 3.0 - 120.0 
no. unique data 3969 
no. variables 217 
R 0.028 
Rw 0.029 
GOF 1.34 
F(OOO) 1064.0 
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Figure A2.4.1 Thermal ellipsoid diagram of the [Ru(NO)Cl4}22- anion. Ellipsoids 
show 50% probability levels. 
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Table A2.4.2 Interatomic distances (A) and angles ( 0) in the [Ru(NO)Cl4J22-
complex anion. 
Ru(l) Cl(l) 
Ru(l) Cl(3) 
Ru(l) Cl(4) 
0(1) N(l) 
Cl( 1) Ru( 1) Cl(2) 
Cl(l) Ru(l) Cl(3) 
Cl(l) Ru(l) N(l) 
Cl(2) Ru(l) Cl(3) 
Cl(2) Ru(l) N(l) 
Cl(3) Ru(l) Cl(4) 
Cl(3) Ru(l) Cl(4) 
Cl(4) Ru(l) N(l) 
Ru(l) N(l) 0(1) 
2.354(1) 
2.412(1) 
2.338(1) 
1.147(4) 
89.85(4) 
92.25(4) 
91.5(1) 
87.64(3) 
178.4(1) 
90.28(4) 
175.44(4) 
91.2(1) 
179.3(3) 
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Ru(l) Cl(2) 
Ru(l) Cl(3) 
Ru(l) N(l) 
Cl(l) Ru(l) Cl(3) 
Cl(l) Ru(l) Cl(4) 
Cl(2) Ru(l) Cl(3) 
Cl(2) Ru(l) Cl(4) 
Cl(3) Ru(l) Cl(3) 
Cl(3) Ru(l) N(l) 
Cl(3) Ru(l) N(l) 
Ru(l) Cl(3) Ru( 1) 
2.331(1) 
2.410( 1) 
1.728(3) 
176.49(4) 
91.50(4) 
87.14(4) 
89.77(4) 
85.85(3) 
91.5(1) 
91.3( 1) 
94.15(3) 
